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Abstract 


Using  Dominating  Sets  to  Improve  the  Performance  of  Mobile  Ad  Hoc  Networks 

by 

Marco  Aurelio  Spohn 

A  mobile  ad  hoc  network  (MANET)  is  a  wireless  network  that  does  not  rely  on 
any  fixed  infrastrueture  (i.e.,  routing  faeilities,  sueh  as  wired  networks  and  aeeess  points),  and 
whose  nodes  must  eoordinate  among  themselves  to  determine  eonneetivity  and  routing.  Coor¬ 
dination  in  ad  hoe  networks  ineludes  operations  sueh  as  neighborhood  diseovery,  organization 
of  nodes  (i.e.,  topology  eontrol  and  elustering),  and  routing.  Most  meehanisms  performing 
these  operations  employ  broadeasting  of  signaling  messages  as  the  underlying  meehanism. 
The  broadeast  ean  target  a  portion  of  the  network  (e.g.,  gathering  neighborhood  information), 
or  the  entire  network  (e.g.,  diseovering  routes  on  demand).  The  foeus  of  this  thesis  is  the  de¬ 
sign  and  analysis  of  algorithms  that  improve  broadeasting  and  hierarehieal  organization  in  ad 
hoe  networks.  To  design  sueh  algorithms,  eoneepts  from  domination  in  graphs  are  explored, 
beeause  of  their  similarities  to  the  problems  arising  with  the  broadeasting  of  signaling  and 


data  in  MANETs. 
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Chapter  1 


Introduction 


During  the  last  decade,  wireless  networks  have  been  an  important  topic  of  research  in  com¬ 
puter  networks,  with  special  attention  focused  on  mobile  ad  hoc  networks  (MANETs).  A 
MANET  is  a  wireless  network  that  does  not  rely  on  any  fixed  infrastructure,  and  whose  nodes 
must  organize  themselves  to  determine  connectivity  and  routing.  Because  of  mobility  and 
radio  channel  connections,  the  links  between  nodes  are  unreliable. 

A  MANET  can  be  deployed  rapidly  in  disaster  relief  (e.g.,  in  disaster  areas  with 
scarce  or  non-existing  communication  infrastructure),  battlefield  communication  (e.g.,  to  pro¬ 
vide  communication  among  platoon  members),  collaborative  computing  (e.g.,  a  group  of  per¬ 
sons  using  their  laptop  computers  to  set  up  a  wireless  network  to  exchange  data  during  a 
meeting),  and  any  other  situation  requiring  a  network  built  on  demand. 

In  a  MANET,  radio  waves  are  used  for  communication  among  nodes.  The  transmit¬ 
ter  and  receiver  do  not  have  to  be  aligned  physically,  because  radio  waves  are  omnidirectional 
(i.e.,  they  travel  in  all  directions).  On  the  other  hand,  it  is  more  complicated  to  detect  if  a 
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node’s  transmission  collides  with  any  other  simultaneous  transmission.  Because  of  that,  most 


medium  access  (MAC)  protocols  for  MANETs  are  contention  based  with  a  collision  avoidance 
mechanism.  Depending  on  the  location  of  nodes,  network  packets  may  require  intermediary 
nodes  to  relay  them  until  they  reach  the  destination.  In  this  case,  routes  can  be  found  on 
demand  (i.e.,  computed  as  needed),  or  proactively  (i.e.,  routes  are  computed  to  all  nodes  re¬ 
gardless  of  any  data  flow).  Once  a  route  is  available,  intermediary  nodes  transmit  the  packet 
toward  the  next  hop  to  the  destination;  eventually,  the  packet  reaches  the  destination  (assum¬ 
ing  the  network  is  connected).  With  some  adjustments,  any  TCP/IP  [58]  based  protocol  is 
feasible  on  top  of  the  routing  layer  of  a  MANET. 

In  MANETs,  many  underlying  protocols  (e.g.,  routing  protocols  and  topology  con¬ 
trol)  use  some  form  of  flooding  to  send  control  messages.  Usually  it  is  assumed  that  the  actual 
position  of  any  node  is  not  known,  because  of  node  mobility.  In  this  case,  whenever  a  control 
message  must  reach  any  node  in  the  network  (e.g.,  when  searching  for  a  route  to  any  destina¬ 
tion),  flooding  is  the  only  alternative,  because  restricting  the  broadcast  to  parts  of  the  network 
may  not  cover  the  destination.  Organizing  the  nodes  in  a  hierarchical  structure  such  as  a 
broadcast  tree  may  provide  more  efficient  broadcast  operations,  because  only  tree  members 
are  assigned  to  perform  broadcast  transmissions  during  the  flooding  operation.  In  contention- 
based  MAC  protocols,  reducing  the  number  of  broadcast  transmissions  translates  into  less 
contention,  and  fewer  packet  collisions.  Hence,  all  protocols  can  benefit  from  improvements 
to  the  basic  flooding  mechanisms. 

The  focus  of  the  research  reported  in  this  thesis  is  on  developing  and  analyzing  algo¬ 
rithms  that  improve  broadcasting  and  hierarchical  organization  in  ad  hoc  networks.  To  design 
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such  algorithms,  concepts  from  domination  in  graphs  [24]  are  explored,  because  of  their  sim¬ 


ilarities  to  the  problems  arising  with  the  broadcasting  of  signaling  and  data  in  MANETs. 

1.1  Physical  Layer  and  Medium  Access  in  MANETs 

In  MANETs,  all  protocols  are  restricted  to  the  capacity  of  wireless  transmissions 
(i.e.,  radio  transmissions).  Due  to  radio  waves’  ability  to  travel  long  distances,  interference 
between  wireless  devices  is  the  most  significant  source  of  problems  in  MANETs.  MAC  pro¬ 
tocols  must  be  designed  to  reduce  the  impact  of  interference,  and  provide  some  guarantees  of 
service  to  the  above  layer  (i.e.,  network  layer). 

Single  channel  wireless  networks,  in  which  nodes  share  a  common  frequency  and 
modulation  scheme,  suffer  from  a  type  of  interference  called  hidden  terminal  [59].  Eigure  1.1 
shows  an  example.  Nodes  1  and  3  are  out  of  range  of  each  other  (i.e.,  they  are  hidden  from 
each  other),  but  node  2  is  within  range  of  both  nodes  1  and  3.  If  nodes  transmit  with  no 
coordination,  it  is  possible  that  nodes  1  and  3  transmit  concurrently  causing  interference  at 
node  2,  what  may  prevent  node  2  from  hearing  either. 

MAC  schemes  can  be  broadly  classified  info  fwo  cafegories:  on-demand  (confenfion- 
based)  and  scheduled  [7].  An  on-demand  scheme  defermines  fhe  pair  of  communicafing  nodes 
fhrough  fhe  exchange  of  confrol  messages  before  each  fransmission.  On  fhe  ofher  hand,  sched¬ 
uled  schemes  prearrange  or  negofiafe  a  sef  of  fimefables  for  individual  nodes  or  links,  such 
fhaf  fhe  fransmissions  are  collision-free  in  fhe  lime  and  frequency  domains.  The  main  disad- 
vanlage  of  Ibis  approach  is  lhal  if  requires  node  synchronization,  which  is  hard  lo  accomplish 
in  MANETs,  because  nodes  can  join  or  leave  fhe  nelwork  al  any  lime. 
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In  contention  based  medium  access  protocols,  the  number  of  packet  collisions  in¬ 
creases  proportionally  to  the  number  of  broadcast  transmissions.  Increased  packet  collisions 
compromises  network  performance.  Many  operations  related  to  the  coordination  of  nodes 
incur  redundant  broadcast  transmissions.  In  this  case,  applying  mechanisms  to  reduce  redun¬ 
dancy,  while  guaranteeing  the  operations’  reliability,  is  desirable. 

1.2  Coordination  in  MANETs 

In  a  MANET,  nodes  must  coordinate  among  themselves  without  resorting  to  any 
pre-existing  network  infrastructure  (i.e.,  routing  facilities,  such  as  wired  networks  and  access 
points).  Broadcasting  of  signaling  messages  is  the  underlying  mechanism  for  coordination, 
and  the  broadcast  can  target  a  portion  of  the  network  (e.g.,  gathering  neighborhood  informa¬ 
tion),  or  the  entire  network  (e.g.,  discovering  routes  on  demand). 

Coordination  in  ad  hoc  networks  includes  operations  such  as  neighborhood  discov¬ 
ery,  organization  of  nodes  (i.e.,  topology  control  and  clustering),  and  routing.  Examples  of 
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organization  of  nodes  include  the  location  of  services,  computing  an  efficient  backbone  for  the 


broadcasting  of  signals,  and  routing  of  data  packets  (routing  can  benefit  from  some  specific 
organization  structure,  but  this  is  not  a  requirement  for  the  routing  of  data  packets). 

1.2.1  Organization  of  Nodes 

Organization  of  nodes  can  be  static  (i.e.,  performed  proactively),  or  dynamic  (i.e., 
performed  on  demand).  While  operations  to  build  such  structures  require  broadcasting  of 
signaling  messages,  these  structures  make  broadcast  operations  scale  to  much  larger  portions 
of  the  network.  That  is,  the  hierarchical  structure  functions  as  a  backbone,  on  top  of  which 
broadcasting  can  be  performed  more  efficiently. 

In  MANETs,  there  are  two  broad  categories  of  hierarchical  architectures:  cluster¬ 
ing  [12],  and  topology  control  based  on  hierarchies  [8, 34].  These  architectures  can  be  used 
to  prolong  the  network’s  lifetime  [6, 10,73],  attain  load  balancing  [8],  and  increase  network 
scalability  [25,34]. 

With  clustering  [12],  the  substructures  that  are  collapsed  in  higher  levels  are  called 
clusters.  In  each  cluster,  at  least  one  node  may  represent  the  cluster,  and  this  node  is  usually 
called  a  cluster-head.  Cluster-heads  act  as  leaders  in  their  clusters,  providing  some  service  to 
their  members.  For  example,  a  cluster-head  could  be  an  access  point  to  the  outside  network, 
or  it  could  be  a  sink  for  collecting  information  from  a  group  of  sensors  (cluster  members)  in  a 
sensor  network  [2]. 

Topology  control  based  on  hierarchies  and  clustering  are  closely  related  problems. 
While  the  former  defines  a  real  backbone  of  the  network  (i.e.,  the  nodes  in  the  backbone  are 
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connected,  covering  all  nodes  in  the  network),  the  latter  constructs  a  virtual  backbone  (i.e.,  the 


set  of  cluster-heads  are  not  necessarily  connected,  but  they  cover  all  nodes  in  the  network). 
An  example  of  an  operation  requiring  a  real  backbone  is  the  flooding  of  control  messages. 

1.2.2  Routing 

There  are  two  broad  categories  of  unicast  routing  protocols  for  MANETs,  proactive 
and  reactive.  With  proactive  routing  (e.g.,  OLSR  [14]),  nodes  keep  routing  information  to  all 
nodes  in  the  network,  not  subject  to  any  existing  data  flow.  OLSR  is  a  link  state  protocol  [58] 
using  an  optimized  broadcast  mechanism  for  the  dissemination  of  link  state  information.  In 
reactive  routing  (e.g.,  AODV  [45]),  routes  are  found  on  demand  and  nodes  find  routes  to 
their  destinations  as  they  are  needed.  Route  discovery  starts  by  broadcasting  a  route  request 
(RREQ)  message  throughout  the  network.  This  message  is  relayed  until  it  reaches  a  node 
with  a  valid  route  to  the  destination,  or  the  destination  itself.  Once  this  happens,  a  route 
reply  (RREP)  message  is  sent  back  to  the  source  by  reversing  the  path  traversed  by  the  RREQ 
message.  Only  after  receiving  the  corresponding  RREP  message  can  the  source  start  sending 
packets  to  the  destination. 

Reactive  and  proactive  routing  can  be  combined,  resulting  in  hybrid  protocols  (e.g., 
ZRP  [23]).  In  this  case,  routes  to  some  nodes  (usually  the  nearest  ones)  are  kept  proactively, 
while  routes  to  the  remaining  nodes  are  found  on-demand. 
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1.3  Domination  in  Graph  Theory 


Since  our  contributions  involve  the  computation  of  dominating  sets,  we  provide  a 
brief  introduction  to  domination  in  graph  theory  below. 

In  our  notation,  the  undirected  graph  G  =  {V,E)  consists  of  a  set  of  vertices  V  = 
{ni, . . .  Hk},  and  a  set  of  edges  E  (an  edge  is  a  set  {n*,  nj},  where  m,  nj  G  V  and  m  /  rij). 
A  set  L)  C  y  of  vertices  in  a  graph  G  is  called  a  dominating  set  (DS)  if  every  vertex  n*  G  F  is 
either  an  element  of  D  or  is  adjacent  to  an  element  of  D  [24].  If  the  graph  induced  by  the  nodes 
in  D  is  connected,  we  have  a  connected  dominating  set  (CDS).  The  problem  of  computing  the 
minimum  cardinality  DS  or  CDS  of  any  arbitrary  graph  is  known  to  be  NP-complete  [19]. 

A  variety  of  conditions  may  be  imposed  on  the  dominating  set  D  in  a  graph  G  = 
{V,  E).  Among  them,  there  are  multiple  domination,  and  distance  domination  [24].  Multiple 
domination  requires  that  each  vertex  mV  —  D  he  dominated  by  at  least  k  vertices  in  D  for 
a  fixed  positive  integer  k.  The  minimum  cardinality  of  the  dominating  set  D  is  called  the  k- 
domination  number  and  is  denoted  by  7fc(G).  Distance  domination  requires  that  each  vertex 
in  F  —  D  be  within  distance  r  of  at  least  one  vertex  in  D  for  a  fixed  posifive  infeger  r.  In  fhis 
case,  fhe  minimum  cardinality  of  fhe  dominating  sef  D  is  called  fhe  distance-r  domination 
number,  and  is  denoted  by  ^<r{G). 

Henning  el  al.  [26]  have  presenled  some  bounds  on  fhe  distance-r  domination  num¬ 
ber  7<r(G).  They  show  lhal,  for  an  infeger  r  >  1,  if  graph  G  is  a  connected  graph  of  order 
n  >  r  +  1,  Ihen  7<r(G)  <  An  algorilhm  lhal  computes  a  distance-r  dominating  set 
wilhin  fhe  eslablished  bounds  is  also  presented. 

The  {k,  r)-DS  problem  is  defined  [31]  as  fhe  problem  of  selecting  a  minimum  car- 
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Figure  1.2;  Dominating  set  examples  (gray  nodes  are  dominating):  (A)  (1,  2)-DS,  dominated  nodes 
are  at  most  two  hops  from  at  least  one  dominating  node.  (B)  (2,  2)-DS,  dominated  nodes  are  at  most 
two  hops  from  at  least  two  dominating  nodes. 

dinality  vertex  set  Dofa  graph  G  =  (V,  E),  sueh  that  every  vertex  u  not  in  Z)  is  at  a  distanee 
smaller  than  or  equal  to  r  from  at  least  k  vertiees  in  D.  The  problem  of  eomputing  a  {k,  r)-DS 
of  minimum  eardinality  for  arbitrary  graphs  is  also  NP-eomplete  [31].  Figure  1.2  shows  some 
(/c,  r)-DS  examples. 

Joshi  et  al.  [31]  have  provided  eentralized  solutions  for  solving  the  (/c,  r)-DS  prob¬ 
lem  in  interval  graphs  (IG).  A  graph  G  is  said  to  be  an  interval  graph  if  there  is  a  one-to-one 
eorrespondenee  between  a  finite  set  of  elosed  intervals  of  the  real  line  and  the  vertex  set  V, 
and  two  vertiees  u  and  v  are  said  to  be  eonneeted  if  and  only  if  their  eorresponding  intervals 
have  a  nonempty  interseetion.  Even  though  the  solutions  presented  by  Joshi  et  al.  [31]  are 
optimal,  IGs  are  limited  to  very  simple  network  topologies. 

1.4  Research  Contributions  and  Summary  of  Results 

Chapter  2  summarizes  prior  work  related  to  the  researeh  results  reported  in  this 
thesis.  Chapter  3  proposes  a  novel  algorithm  for  improving  broadeast  operations  in  MANETs. 
The  algorithm  eomputes  a  dynamie  souree -based  dominating  set  of  the  network.  The  solution 


is  shown  to  reduee  the  number  of  broadeast  transmissions  neeessary  to  flood  the  network.  To 


show  its  applicability  to  MANETs,  we  implemented  the  algorithm  in  a  simulator  as  part  of 


the  route  discovery  process  in  an  on-demand  routing  protocol.  Redundant  broadcasts  increase 
the  number  of  packet  collisions,  and  consequently  delay  the  response  for  RREQs  in  the  route 
discovery  process.  Because  the  new  protocol  significantly  reduces  the  total  number  of  RREQ 
transmissions,  this  translates  into  an  increased  delivery  ratio,  smaller  end-to-end  delays  for 
data  packets,  lower  control  overhead,  and  fewer  collisions  of  packets. 

Our  analysis  of  the  route  discovery  process  in  on-demand  routing  protocols  led  us 
to  realize  that  it  could  benefit  from  a  particular  configuration  of  connected  dominating  sets. 
Most  heuristics  for  distributively  computing  dominating  sets  require  that  nodes  learn  only 
their  two-hop  neighborhood.  When  a  broadcast  protocol  based  on  neighbor  information  is 
used,  it  is  possible  to  maintain  fresh  routes  to  all  nodes  within  two  hops,  because  every  node 
has  the  two-hop  neighborhood  information.  In  this  case,  it  is  not  necessary  to  broadcast  the 
route  request  (RREQ)  packet  to  every  node  in  the  network:  disseminating  it  to  a  connected 
dominating  set  with  the  property  that  nodes  are  at  most  two-hops  from  a  dominating  node 
(i.e.,  a  two-hop  connected  dominating  set  (TCDS))  is  enough. 

Chapter  4  presents  three-hop  horizon  pruning  (THP),  which  is  the  first  distributed 
solution  for  computing  a  TCDS  of  the  network.  THP  is  shown  to  outperform  the  best  existing 
heuristics  presented  in  the  literature,  when  a  TCDS  is  preferred  over  a  CDS.  We  also  inte¬ 
grated  the  algorithm  into  an  on-demand  routing  protocol  for  enhancing  the  route  discovery 
process.  The  results  of  simulation  studies  indicated  that  the  new  approach  improves  the  per¬ 
formance  in  all  aspects  for  low  mobility  scenarios.  To  improve  protocol  performance  in  high 
mobility  scenarios,  we  introduce  enhancements  to  the  basic  design,  and  show  that  with  these 
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enhancements  the  protocol  outperforms  other  protocols  in  all  mobility  scenarios  considered 


in  the  simulations. 

The  work  done  on  THP  motivated  the  design  of  a  framework  using  dominating  sets 
for  building  flexible  hierarchies.  Chapter  5  presents  our  solution,  which  builds  structures  that 
cover  a  node  in  the  network  with  a  minimum  number  of  dominating  nodes  and  a  maximum 
distance  to  the  dominating  nodes.  In  terms  of  domination  in  graphs,  this  approach  integrates 
multiple  domination  (minimum  number  of  dominating  nodes)  and  distance  domination  (max¬ 
imum  distance  to  dominating  nodes).  For  example,  one  could  build  a  structure  such  that  every 
node  in  the  network  is  covered  by  at  least  k  leaders  at  most  d  hops  distant.  A  structure  like 
this  could  be  used  to  support  operations  with  increased  redundancy  (by  increasing  the  number 
of  leaders),  and  an  adjustable  degree  of  availability  (by  setting  the  maximum  distance  to  the 
leaders  appropriately).  We  present  the  first  centralized  and  distributed  solutions  to  this  prob¬ 
lem.  The  centralized  solution,  KR,  provides  an  approximation  to  the  optimum  solution,  which 
is  known  to  be  NP-Complete,  and  serves  as  a  lower  bound  when  evaluating  the  distributed 
solution.  The  distributed  solution,  DKR,  is  applicable  to  MANETs,  because  it  relies  on  partial 
topology  information. 

Chapter  6  shows  an  application  for  the  above  framework,  which  consists  of  a  novel 
multi-core  multicast  protocol  for  MANETs  using  DKR  for  core-election.  The  dominating 
set  computed  via  the  distributed  algorithm  is  used  for  assigning  cores.  Nodes  are  equipped 
with  two  interfaces,  one  for  general  communication,  and  the  other  for  communication  be¬ 
tween  cores  and  their  members.  Cores  transmit  packets  to  their  members  on  a  specific  non¬ 
interfering  channel  via  the  dedicated  interface,  and  receivers  listen  in  the  corresponding  chan- 
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nel  in  the  same  interfaee.  To  reaeh  all  members  with  a  single  transmission,  eores  transmit 


paekets  with  a  larger  power,  sueh  that  all  member  within  r-hops  from  the  eores  ean  sueeess- 
fully  reeeive  the  paeket.  Therefore,  all  paekets  transmitted  by  the  eores  are  expeeted  to  be 
sueeessfully  reeeived  by  the  members.  The  distributed  algorithm  is  shown  to  perform  well  for 
eleeting  eores,  and  the  new  multieast  protoeol  is  shown  to  outperform  one  of  the  best  known 
multieast  protoeols  presented  in  the  literature,  the  protocol  for  unified  multicasting  through 
announcements  (PUMA)  [63]. 

The  algorithms  presented  in  this  thesis  for  eomputing  a  CDS  of  the  network  ean 
be  applied  to  any  other  MANET  protoeol  requiring  flooding  of  eontrol  messages.  THP  ean 
also  be  applied  to  any  on-demand  routing  protoeol  whieh  is  based  on  the  dissemination  of 
RREQ  messages.  Eikewise,  DKR  funetions  as  a  framework  for  building  a  large  variety  of 
hierarehieal  struetures,  and  ean  be  tailored  to  the  target  applieation  (e.g,  struetures  having 
multiple  aeeess-points  to  the  outside  network,  and  sensor  networks  with  multiple  sinks  per 
sensor).  Thus,  while  we  present  this  work  in  the  eontext  of  improving  speeifie  protoeols, 
it  is  far  more  general  than  these  ease-by-ease  improvements.  The  work  presented  here  is 
a  general  purpose  toolkit  for  improving  a  wide  range  of  eoordination  protoeols  in  MANETs 
along  multiple  axes  of  performanee.  While  we  mostly  foeus  on  improvements  to  AODV,  other 
protoeols  eould  benefit  from  this  approaeh,  sueh  as  dynamic  source  routing  (DSR)  [30],  and 
on  demand  multicast  routing  protocol  (ODMRP)  [33]. 

Several  papers  [50-55]  based  on  the  above  researeh  work  have  been  published  or 
aeeepted  for  publieation.  Chapter  7  summarizes  our  eontribution. 
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Chapter  2 


Related  Work 


The  focus  of  this  thesis  is  on  the  design  and  analysis  of  algorithms  to  improve  the  coordination 
of  nodes  in  MANETs.  Before  proceeding  to  our  contributions,  this  Chapter  presents  the  work 
related  to  our  research. 

Given  that  broadcasting  of  signals  is  the  underlying  mechanism  for  coordination, 
Section  2.1  presents  the  most  significant  research  results  on  broadcasting  in  MANETs.  Be¬ 
cause  our  work  can  be  applied  to  most  routing  protocols  in  MANETs,  Section  2.2  presents 
a  brief  review  of  the  most  cited  routing  protocols  in  the  literature.  Organization  of  nodes  is 
another  form  of  coordination,  including  clustering  and  topology  control  as  the  two  represen¬ 
tatives.  Section  2.3  presents  the  most  significant  results  regarding  these  topics.  In  Section  2.4 
we  present  the  work  related  to  core-based  multicast  routing,  because  we  apply  our  general 
clustering  approach  to  a  novel  multi-core  multicast  protocol. 
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2.1  Broadcasting  in  MANETs 


Several  broadeasting  teehniques  have  been  proposed,  differing  among  eaeh  other 
on  the  heuristies  applied  to  reduee  the  redundaney  on  broadeast  transmissions.  Broadeasting 
protoeols  ean  be  eategorized  into  the  following  four  elasses  [67]: 

Blind  flooding  [41]:  Eaeh  node  broadeasts  a  paeket  to  its  neighbors  whenever  it 
reeeives  the  first  eopy  of  a  broadeast  paeket;  therefore,  all  nodes  in  the  network  broadeast  the 
paeket  exaetly  onee. 

Probability-based  methods  [61]:  A  node  re-broadeasts  a  paeket  with  a  given  proba¬ 
bility  p  {if  p  =  1,  we  have  blind  flooding). 

Area-based  methods  [61]:  A  node  broadeasfs  a  paekef  based  on  fhe  information 
abouf  ifs  loeafion  and  fhe  loeafion  of  ifs  neighbors  (e.g.,  if  a  node  reeeives  fhe  paekef  from  a 
neighbor  really  elose  fo  if,  probably  if  will  nol  reaeh  ofher  nodes  ofher  fhan  fhe  nodes  reaehed 
by  fhe  firsf  broadeasf). 

Neighbor  information  methods  [36] :  In  fhese  mefhods,  a  node  has  partial  topology 
information,  whieh  fypieally  eonsisfs  of  fhe  fopology  wifhin  fwo  hops  from  fhe  node  (fwo- 
hop  neighborhood).  There  are  fwo  main  elasses  of  mefhods  in  fhis  eafegory.  In  a  neighbor- 
designated  method  a  node  fhaf  fransmifs  a  paekef  fo  be  flooded  speeifies  whieh  one-hop  neigh¬ 
bors  should  forward  fhe  paekef.  In  a  self-pruning  method  a  node  simply  broadeasfs  ifs  paekef, 
and  eaeh  neighbor  fhaf  reeeives  fhe  paekef  deeides  whefher  or  nof  fo  forward  fhe  paekef. 

Williams  and  Camp  [67]  have  shown  fhaf  neighbor  information  mefhods  are  pre¬ 
ferred  over  ofher  fypes  of  broadeasf  profoeols.  Befween  fhe  fwo  elasses  of  neighbor  informa- 
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tion  methods,  Lim  and  Kim  [36]  show  that  the  simplest  form  of  neighbor-designated  algorithm 


outperforms  the  simplest  form  of  self-pruning,  and  Wu  and  Dai  [68]  show  that  an  improved 
self-pruning  teehnique  outperforms  the  most  effieient  neighbor-designated  algorithm  (both 
algorithms  based  on  the  two-hop  neighborhood  information). 

Dominating  sets  play  a  major  role  in  deeiding  the  forwarding  list  in  neighbor- 
designated  algorithms.  Extensive  work  has  been  done  on  finding  good  approximations  for 
eomputing  the  minimum  cardinality  CDS  (MCDS).  An  algorithm  with  a  eonstant  approxima¬ 
tion  of  eight  has  been  proposed  by  Wan  et  al.  [64].  However,  their  approaeh  requires  that  a 
spanning  tree  be  eonstrueted  first  in  order  to  seleet  the  dominating  nodes  (forwarding  nodes), 
and  only  after  the  tree  has  been  eonstrueted  a  broadeast  ean  be  performed. 

Lim  and  Kim  [36]  show  that  the  MCDS  problem  ean  be  redueed  to  the  problem  of 
building  a  minimum  cost  flooding  tree  (MCFT).  Given  that  an  optimal  solution  for  the  MCFT 
problem  is  not  feasible,  they  propose  heuristies  for  flooding  frees,  resulfing  in  fwo  algorifhms: 
self-pruning  and  dominant  pruning  (DP).  They  show  fhaf  bofh  algorifhms  perform  beffer  fhan 
blind  flooding,  and  fhaf  DP  oufperforms  fhe  simplesf  form  of  self-pruning. 

DP  [36]  is  a  neighbor-designafed  mefhod  (i.e.,  fhe  sending  node  deeides  whieh  ad- 
jaeenf  nodes  should  relay  fhe  paekef).  The  forwarding  nodes  are  seleefed  using  fhe  greedy  set 
cover  (GSC)  algorifhm.  GSC  reeursively  ehooses  one-hop  neighbors  fhaf  eover  fhe  mosf  fwo- 
hop  neighbors,  repealing  fhe  proeess  until  all  fwo-hop  neighbors  are  eovered.  The  idenlifiers 
(IDs)  of  fhe  seleefed  nodes  are  piggy-baeked  in  fhe  paekef  as  fhe  forwarding  lisl.  A  reeeiving 
node  fhaf  is  requested  lo  forward  fhe  paekef  again  delermines  fhe  forwarding  lisl. 

Multi-Point  Relay  (MPR)  [14]  is  anolher  effieienl  broadeasl  teehnique  fhaf  is  simi- 
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lar  to  DP.  MPR  also  applies  GSC  in  the  selection  of  dominating  nodes.  However,  MPR  first 


chooses  as  forwarders  those  candidates  that  have  exclusive  coverage  of  some  two-hop  neigh¬ 
bor,  and  only  then  apply  GSC  over  the  remaining  nodes.  MPR  is  used  for  reducing  duplicate 
transmissions  of  control  packets  (i.e.,  link  state  information)  in  the  Optimized  Link  State  Rout¬ 
ing  (OLSR)  protocol  [14]. 

A  few  enhancements  to  dominant  pruning  have  been  reported  recently  [37].  Lou 
and  Wu  [37]  propose  two  enhancements  to  DP:  total  dominant  pruning  (TDP),  and  partial 
dominant  pruning  (PDP).  TDP  requires  that  the  two-hop  neighborhood  of  the  sender  be  piggy¬ 
backed  in  the  header  of  the  packet.  This  information  reduces  the  size  of  the  two-hop  neighbor 
set  that  needs  to  be  covered  by  the  forwarders.  The  header  size  increases  proportionally  to 
the  number  of  nodes  in  the  two-hop  neighborhood,  which  may  become  a  problem  in  dense 
networks.  PDP  enhances  DP  by  eliminating  the  two-hop  nodes  advertised  by  a  neighbor 
shared  by  both  the  sender  and  the  receiver  (forwarder).  Simulation  results  assuming  an  ideal 
MAC  layer  in  which  no  contention  or  collisions  occur  show  that  both  TDP  and  PDP  improve 
DP  in  a  static  environment.  A  dynamic  scenario  is  also  evaluated,  and  DP  is  shown  to  perform 
better  than  both  TDP  and  PDP. 

A  general  framework  for  self-pruning  has  been  reported  by  Wu  and  Dai  [68],  who 
proposed  two  approaches  for  broadcasting  through  self -pruning,  one  static  and  another  dy¬ 
namic.  In  the  static  approach,  a  CDS  is  constructed  based  on  the  network  topology,  but  not 
relative  to  any  broadcasting.  In  the  dynamic  approach,  a  CDS  is  constructed  for  a  particular 
broadcast,  and  its  result  depends  on  the  source  and  the  progress  of  the  broadcast  process.  For 
both  approaches,  two  coverage  conditions  are  presented:  Coverage  Condition  I  (CC-I),  and 
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Coverage  Condition  II  (CC-II). 


In  CC-I,  a  node  n*  does  not  broadeast  the  paeket  if  for  any  two  neighbors  nj  and 
Uk,  there  is  a  path  eonneeting  them  via  several  intermediate  nodes  with  either  higher  priority 
values  (e.g.,  node  degree,  node  IDs)  than  node  n*,  or  with  visited  node  status  (i.e.,  the  h 
most  reeently  visited  nodes  are  ineluded  in  the  paeket  header).  In  CC-II,  a  node  m  does  not 
broadeast  the  paeket  if  the  node  has  a  coverage  set,  which  is  defined  as  a  set  of  neighbors  with 
either  higher  priority  values  than  node  n,,  or  with  visited  node  status,  such  that  all  two-hop 
neighbors  of  node  rii  are  covered  by  the  coverage  set. 

Wu  and  Dai  showed  that  CC-I  performs  better  than  CC-II  when  node  IDs  are  used 
as  priority  values,  and  when  node  degrees  are  used  as  priority  values  they  present  similar  re¬ 
sults.  They  also  showed  that  there  is  a  tradeoff  between  efficiency  and  overhead,  and  fhaf  CC-I 
wifh  fwo-hop  neighborhood  informafion,  fwo-hop  routing  history,  and  node  degrees  as  prior¬ 
ity  values  (referenced  as  fhe  Base  configuration),  oufperforms  fhe  besf  neighbor-designafed 
algorifhm  (i.e.,  TDP). 

Several  ofher  exisfing  algorifhms  (i.e..  Rules  1  and  2  [72],  Sfojmenovic’s  algorifhm 
[56],  Rule  k  [15],  Span  [10],  and  LENWB  [57])  were  shown  [68]  to  be  special  cases  in  fhe 
general  framework.  Simulation  resulfs  show  fhaf  fhe  Base  configuration  oufperforms  all  fhe 
ofhers,  buf  fhe  difference  amongsf  Base,  Span,  and  LENWB  is  marginal.  The  neighborhood 
size  is  also  analyzed,  and  if  is  shown  fhaf  a  neighborhood  size  larger  fhan  fhree  hops  does  nol 
add  much  power  to  fhe  coverage  condifions.  In  ofher  words,  fhe  coverage  condifions  do  nof 
reduce  fhe  average  number  of  forwarding  nodes  for  an  increasing  size  of  fhe  neighborhood 
informafion. 
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Wu  and  Dai  [69]  further  analyzed  the  coverage  conditions  they  reported  previously 


[68]  and  showed  that  several  other  algorithms  can  be  derived  from  the  generic  framework. 
The  impact  of  four  implementation  issues,  namely  timing  (static  or  dynamic),  selection  (self- 
pruning,  neighbor-designated,  and  hybrid),  space  (network  topology  information),  and  priority 
(e.g.,  node  ID,  node  degree),  is  analyzed.  It  is  also  shown  that  self-pruning  and  neighbor- 
designated  algorithms  can  be  combined  together  forming  hybrid  algorithms. 

All  distributed  algorithms  that  rely  on  knowledge  of  the  two-hop  neighborhood  are 
prone  to  error  in  the  presence  of  mobility.  The  main  reason  is  that  nodes  may  have  inconsistent 
information  about  the  neighborhood,  compromising  network  connectivity.  Wu  and  Dai  [71] 
propose  a  solution  to  address  the  link  availability  problem  using  two  transmission  ranges. 
Information  about  the  neighborhood  and  the  set  of  forwarders  is  computed  using  a  smaller 
radio  range.  The  broadcast  process  is  performed  using  a  larger  radio  range.  The  objective  is 
to  give  nodes  a  buffer  zone  in  which  they  can  move  without  compromising  local  connectivity. 

2.2  Routing  in  MANETs 

In  MANETs,  routes  can  be  computed  proactively  (i.e.,  nodes  keep  routes  to  all 
nodes  in  the  network,  regardless  of  any  data  flow),  or  reactively  (i.e.,  routes  are  computed  as 
needed).  However,  both  approaches  make  use  of  flooding  of  control  messages;  either  to  search 
for  a  route  on  demand,  or  to  keep  accurate  routing  information  at  all  times.  In  this  Section,  we 
present  the  most  representative  routing  protocols  in  each  of  these  two  categories. 
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2.2.1  Proactive  Routing 


Ogier  et  al.  [42]  proposed  the  topology  broadcast  reverse  path  forwarding  (TBRPF) 
protoeol.  In  TBRPF,  eaeh  node  only  advertises  the  part  of  its  network  graph  used  for  reaeh- 
ability,  whieh  minimizes  the  number  and  size  of  advertisements.  Based  on  the  partial  graph, 
eaeh  node  runs  a  modified  Dijkstra  algorithm  to  eompute  a  souree  tree.  Eaeh  node  also  has 
the  option  to  report  additional  topology  information  (up  to  the  full  topology).  TBRPF  applies 
an  optimized  flooding  meehanism  to  reduee  the  overhead  ineurred  by  topology  information 
dissemination. 

Source-tree  routing  [18]  (STAR)  is  a  link-state  protoeol  that  aehieves  low  overhead 
by  not  reporting  all  link  states.  Eaeh  node  eonstruets  a  souree  tree  -  with  the  eurrent  node  as 
the  souree  -  to  eaeh  known  destination.  The  node  then  reports  the  souree  tree  to  neighbors, 
whieh  iteratively  build  souree  trees  and  report  the  trees.  This  allows  eaeh  node  to  build  a 
eonneeted  graph  using  a  subset  of  edges.  STAR  has  two  modes  of  operation.  In  the  optimal 
routing  approach  (ORA),  STAR  behaves  like  eonventional  link  state  protoeols  and  notifies 
neighbors  on  any  ehange  to  the  souree-tree.  This  allows  nodes  to  seleet  near  optimal  routes. 
In  the  least-overhead  routing  approach  (EORA),  nodes  only  send  updates  when  a  new  des¬ 
tination  appears,  a  known  destinations  beeome  diseonneeted,  or  the  souree-tree  ehanges  in  a 
way  that  eould  potentially  eause  a  loop. 

The  OESR  protoeol  [14]  introduees  several  teehniques  to  reduee  the  overhead  as- 
soeiated  with  flooding  link-state  advertisements  over  a  wireless  ad  hoe  network.  OESR  uses 
three  optimizations.  The  key  eoneept  of  OESR  is  the  applieation  of  MPR  for  flooding  eontrol 
traffie  over  the  network.  Eaeh  node,  X,  seleets  MPRs  from  its  1-hop  neighbor  set.  Node 
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X  is  called  a  selector  of  nodes  in  the  MPR  set  because  node  X  has  selected  those  nodes  as 


its  MPRs.  The  first  optimization  is  that  only  MPRs  forward  broadcast  control  traffic  from 
ifs  selecfors.  This  reduces  fhe  number  of  redundanf  broadcasf  fransmissions  for  flooding  fhe 
nefwork.  The  second  opfimizafion  is  fhaf  only  MPRs  generafe  link-sfafe  adverfisemenfs.  This 
reduces  fhe  number  of  confrol  packefs.  The  fhird  opfimizafion  is  fhaf  an  MPR  only  needs  fo 
generafe  link-sfafe  adverfisemenfs  for  ifs  selecfors,  nof  for  all  1-hop  neighbors. 

2.2.2  Reactive  Routing 

DSR  [30]  builds  complete  hop-by-hop  routes  af  each  source  node.  DSR  works  by 
broadcasfing  a  RREQ  message  over  fhe  nefwork  and  recording  fhe  pafh  of  fhe  packef.  When 
a  node  wifh  a  pafh  fo  fhe  desfinafion  receives  fhe  requesf,  if  can  send  a  roufe  reply  along  fhe 
reverse  route.  The  reply  confains  fhe  responding  node’s  pafh  and  records  ifs  roufe  back  fo  fhe 
requesting  node.  Thus,  fhe  requesfing  node  has  fhe  complete  pafh.  As  nodes  process  RREQ 
messages  and  RREP  messages,  nodes  learn  pafhs  fo  ofher  nodes,  and  sfore  Ibis  informalion  in 
a  local  cache.  The  main  disadvanfage  of  Ibis  approach  is  fhaf  roufe  enfries  may  become  sfale 
quickly  depending  on  fhe  mobilify  of  nodes.  As  a  consequence,  a  node  may  waste  fime  frying 
fo  roufe  fhrough  sfale  pafhs  until  fhe  node  decide  fo  discard  fhe  slate  enfries. 

Eike  DSR,  AODV  [45]  also  makes  use  of  RREQ  and  RREP  messages.  The  main 
difference  is  fhaf  AODV  does  nof  use  source  roufing.  In  order  fo  guarantee  loop-freedom,  des- 
finafion  sequence  number  are  used  fo  eliminate  slate  informalion.  When  a  node  fransmils  an 
adverlisemenl,  if  includes  an  increasing  sequence  number  for  ilself.  Each  roufing  enlry  slored 
al  a  node  also  includes  fhe  sequence  number  fhe  desfinafion  allached  fo  fhe  adverlisemenl. 
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This  allows  nodes  to  reject  stale  advertisements.  A  key  element  in  AODV  is  that  when  a  node 


detects  that  a  route  becomes  invalid,  the  node  must  increment  the  stored  destination  sequence 
number.  It  also  makes  the  node  immune  to  receiving  stale  information  already  in  the  network 
that  the  node  had  previously  issued. 


2.3  Clustering  and  Topology  Control 


Clustering  is  the  problem  of  building  a  hierarchy  among  nodes  [12].  The  substruc¬ 
tures  that  are  collapsed  in  higher  levels  are  called  clusters.  Given  a  graph  G  =  {V,E), 
the  clustering  process  initially  divides  V  into  a  collection  of  subsets  {Vi,V2,  ■  ■  ■  ,Vi],  where 
V  =  lj/=i  such  that  each  subset  Vi  induces  a  connected  subgraph  of  G,  or  a  cluster.  Sub¬ 
sets  do  not  need  to  be  disjoint  (i.e.,  subsets  can  overlap).  In  each  cluster,  at  least  one  node 
may  represent  the  cluster,  and  this  node  is  usually  called  a  cluster-head.  The  network  can  then 
be  abstracted  such  that  any  cluster-head  connects  to  another  cluster-head  whenever  there  is  at 
least  one  node  in  each  cluster  directly  connected  to  each  other. 

There  are  three  main  approaches  for  topology  control  in  wireless  ad  hoc  networks. 
The  first  is  topology  control  based  on  geometry  structures  used  to  define  a  topology  for  a 
nefwork,  such  as  fhe  relative  neighborhood  graph  (RNG)  [60],  gabriel  graph  (GG)  [16],  or 
0-graph  [38].  Topology  confrol  based  on  transmission  power  control  [28,40]  adjusfs  fhe 
fransmission  power  on  a  per  node  basis.  Hierarchical  fopology  confrol  [8]  selecfs  a  subsef 
of  nodes  to  form  fhe  backbone  of  fhe  nefwork,  and  fhe  backbone  is  usually  compufed  using 
some  disfribufed  CDS  algorifhm. 
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Topology  control  based  on  hierarchies  [8,34]  and  clustering  are  closely  related  prob¬ 


lems.  While  the  former  defines  a  real  backbone  of  the  network  (i.e.,  the  backbone  forms  a  CDS 
of  the  network),  the  latter  constructs  a  virtual  backbone  (i.e.,  the  set  of  cluster-heads  forms  a 
DS  of  the  network). 

The  basic  requirement  for  any  topology  control  mechanism  is  to  guarantee  that  the 
topology  is  connected.  That  is,  any  pair  of  nodes  that  are  connected  in  the  original  network 
must  still  be  connected  in  the  topology  built  on  top  of  the  network.  For  clustering,  nodes  in 
a  cluster  are  connected  through  the  cluster-head;  and  border  nodes  (i.e.,  nodes  that  belong  to 
two  or  more  clusters,  or  that  have  at  least  one  neighbor  in  a  different  cluster  than  its  own) 
connect  clusters  to  each  other. 

Clustering  based  on  domination  in  graphs  has  been  explored  extensively.  Baker  and 
Ephremides  [4]  devised  one  of  the  first  clustering  algorithms  based  on  domination.  Chen  et 
al.  [11]  explore  independent  dominating  sets  (IDS)  for  computing  cluster  such  that  cluster- 
heads  are  at  least  k  +  1  hops  from  each  other.  However,  the  use  of  IDS  for  clustering  is 
not  recommended  when  the  topology  changes,  because  cluster-head  changes  may  propagate 
throughout  the  network,  an  effect  that  has  been  called  the  chain  reaction  [20]. 

Max-Min  [3]  is  an  election-based  distributed  solution  for  the  d-hop  DS  problem 
(i.e.,  distance  d  domination),  which  takes  2r  rounds  to  complete.  Cluster-heads  are  computed 
during  the  first  r  rounds,  and  nodes  affiliate  to  their  dominating  nodes  during  the  subsequent 
r  rounds.  The  authors  also  show  that  the  problem  of  computing  the  minimum  r— hop  domi¬ 
nating  set  is  NP-complete  for  unit-disk  graphs  [13]. 

Liang  and  Hass  [35]  proposed  a  distributed  algorithm  to  compute  d-hop  DS.  The 
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algorithm  is  a  distributed  version  of  Greedy  Set  Cover  (GSC),  produeing  dominating  sets  with 


the  same  eardinality  as  the  eentralized  solution  for  this  problem.  However,  their  solution 
requires  the  2r-hop  neighborhood  information.  In  MANETs,  keeping  information  about  the 
neighborhood  beeomes  more  diffieult  as  we  inerease  the  distanee  to  the  neighbors. 


2.4  Core-Based  Multicast  Routing 


Multieast  routing  protoeols  ean  be  elassified  as  tree-based  and  mesh-based.  Tree- 
based  ean  be  further  elassified  as  single-souree,  shortest-path  trees  and  shared,  eore-based 
trees.  Core-based  trees  are  more  sealable  eompared  to  shortest-path  trees,  but  usually  present 
higher  end-to-end  delay  and  poor  fault  toleranee. 

To  improve  the  performanee  of  eore-based  trees,  multiple  eores  are  deployed.  Be- 
eause  more  than  one  eore  is  simultaneously  aetive,  the  protoeol  tolerates  eore  failure.  The 
distribution  of  eores  in  the  network  has  a  direet  impaet  on  the  performanee,  sinee  eores  plaeed 
eloser  to  the  reeeivers  ean  reduee  the  end-to-end  delay. 

With  multiple  eores  there  are  two  one-to-all  designs  [74]:  senders-to-all,  and 
members-to-all.  In  senders-to-all,  senders  transmit  to  all  eores,  and  members  join  to  just 
one  eore  (usually  the  nearest  one).  In  members-to-all,  senders  seleet  one  of  the  eores  to  send 
their  data  paekets,  and  members  need  to  join  all  eores.  As  for  an  one-to-one  approaeh,  eaeh  of 
the  eores  must  join  to  at  least  one  other  [5].  In  this  ease,  senders  send  to  just  one  of  the  eores, 
and  reeeivers  join  to  just  one  of  the  eores. 

Senders-to-all  has  several  advantages  eompared  to  members-to-all.  Both  approaehes 
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use  one  tree  per  core,  but  in  members-to-all  each  tree  connects  all  members,  increasing  the 


routing  state  in  each  router.  In  senders-to-all  members  decide  which  core  to  join,  allowing 
members  to  choose  the  core  that  better  satisfy  their  requirements  (e.g.,  lower  end-to-end  de¬ 
lay). 

While  the  one-to-one  approach  combines  advantages  of  the  two  one-to-all  designs, 
it  requires  a  reachability  and  maintenance  protocol  between  the  cores.  Failure  between  any 
two  virtually  adjacent  cores  partitions  the  network. 

Core  placement  has  a  direct  impact  on  the  performance  of  the  protocol.  If  the  num¬ 
ber  of  cores  is  fixed,  say  k  cores,  then  the  problem  is  referred  as  A:-center  [19],  and  is  defined 
as  fhe  problem  of  locating  k  cores  in  fhe  nefwork  such  fhaf  fhe  disfance  from  nodes  fo  fhe 
cores  is  minimized.  If  fhe  number  of  cores  is  nol  fixed,  buf  fhe  maximum  disfance  fo  a  core, 
say  r,  is  fixed,  fhen  fhe  problem  is  fhe  same  as  fhe  problem  of  compufing  d-hop  dominating 
sets  (DS)  in  graphs.  Bofh  problems  are  known  fo  be  NP-Complefe. 

A  nafural  greedy  solution  fo  fhe  (1,  r)-DS  problem  has  been  applied  for  core  place¬ 
men!  in  mulficasf  frees  wifh  multiple  cores  [74].  This  solufion  is  infended  for  wired  nefworks, 
and  requires  knowledge  of  fhe  enfire  fopology.  Performance  resulfs  show  fhaf  fhis  approach 
reduce  fhe  end-fo-end  delay  of  mulficasl  dafa  packefs. 
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Chapter  3 


Enhanced  Dominant  Penning  (EDP) 


On-demand  route  diseovery  is  based  on  route  request  (RREQ)  and  route  reply  (RREP)  mes¬ 
sages  (e.g.,  AODV  [45]  and  DSR  [30]).  The  way  in  whieh  these  messages  are  handled  may 
differ  among  different  protoeols,  but  their  funetionality  remains  the  same:  a  request  is  relayed 
until  it  reaehes  a  node  with  a  valid  route  to  the  destination  or  the  destination  itself,  whieh 
triggers  a  reply  message  sent  baek  to  the  originator.  Several  parameters  (sueh  as  how  long 
to  keep  requests  in  a  eaehe,  timeouts  for  requests,  timeouts  for  hellos,  and  the  like)  are  sub- 
jeet  to  tuning,  and  the  ehoiees  made  may  result  in  improvements  in  the  protoeol  performanee. 
However,  RREQs  are  propagated  using  either  an  unrestrieted  broadeast  or  an  expanding  ring 
seareh  [48].  In  either  ease,  the  resulting  flooding  operation  eauses  eonsiderable  eollisions  of 
paekets  in  wireless  networks  using  eontention-based  ehannel  aeeess. 

We  present  an  approaeh  to  reduee  the  number  of  broadeast  messages  at  the  expense 
of  having  to  attaeh  more  information  in  the  header  of  the  eontrol  paekets.  We  eall  our  proposal 
Enhanced  Dominant  Pruning  [50]  (EDP),  whieh  ean  be  applied  to  any  on-demand  routing 
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protocol  that  relies  on  broadcasting  control  packets  when  searching  for  a  route  to  a  given 


destination.  To  show  the  applicability  of  EDP  to  an  existing  protocol,  we  have  implemented 
EDP  in  AODV.  Nodes  use  hello  messages  to  disseminate  their  valid  one-hop  neighbors  for 
building  the  two-hop  neighborhood,  which  is  the  minimum  requirement  for  the  connected 
dominating  set  algorithm  under  consideration. 

3.1  Dominant  Pruning  Review 

We  use  a  simple  graph,  G  =  {V,E),to  represent  an  ad  hoc  wireless  network,  where 
V  represents  a  set  of  wireless  mobile  hosts  (nodes)  and  E  represents  a  set  of  edges  (links). 
The  network  is  seen  as  a  unit  disk  graph  [13],  i.e.,  the  nodes  within  the  circle  around  node  v 
(corresponding  to  its  radio  range)  are  considered  its  neighbors. 

In  dominant  pruning  (DP)  [36]  the  sending  node  decides  which  adjacent  nodes 
should  relay  the  packet.  The  relaying  nodes  are  selected  using  a  distributed  CDS  algorithm, 
and  the  identifiers  (IDs)  of  the  selected  nodes  are  piggybacked  in  the  packet  as  the  forwarder 
list.  A  receiving  node  that  is  requested  to  forward  the  packet  again  determines  the  forwarder 
list.  The  flooding  ends  when  fhere  is  no  more  relaying  nodes. 

Nodes  keep  informalion  abouf  fheir  fwo-hop  neighborhood,  which  can  be  obfained 
by  fhe  nodes  exchanging  fheir  adjacenf  node  lisf  wifh  fheir  neighbors.  DP  is  a  disfribufed 
algorifhm  fhaf  defermines  a  sef  cover  based  on  fhe  parfial  knowledge  of  fhe  fwo-hop  neighbor¬ 
hood.  Ideally,  fhe  number  of  forwarding  nodes  should  be  minimized  fo  decrease  fhe  number 
of  fransmissions.  However,  fhe  opfimal  solution  is  NP-complefe  and  requires  fhaf  nodes  know 
fhe  entire  fopology  of  fhe  nefwork.  DP  uses  fhe  greedy  set  cover  (GSC)  algorifhm  fo  defermine 
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the  forwarder  list  of  a  paeket  (i.e.,  the  list  of  nodes  that  should  forward  the  paeket)  based  just 


on  partial  knowledge  of  the  network  topology.  GSC  reeursively  ehooses  one-hop  neighbors 
that  eover  the  most  two-hop  neighbors,  repeating  the  proeess  until  all  two-hop  neighbors  are 
eovered. 

The  set  of  nodes  within  two-hops  from  node  m  is  denoted  by  N^,  and  the  set  of 
one-hop  neighbors  of  node  m  is  denoted  by  N\.  If  node  m  is  the  souree  of  the  broadeast,  it  de¬ 
termines  its  forwarder  list  so  that  all  nodes  in  Ui  =  N^  —  iVj  reeeive  the  paeket.  The  set  of  for¬ 
warder  nodes  is  denoted  by  =  {/i,  /2, ...,  fm}  G  iVj,  sueh  that  H  = 

Ui-  A  forwarder  node  tij  G  Fpp  determines  its  own  forwarder  list  upon  reeeiving  the  broad- 
east.  Node  rij  does  not  need  to  eover  the  neighbors  of  node  rii  (i.e.,  Nf),  beeause  they  were 
already  eovered  by  the  previous  broadeast.  In  this  ease,  Uj  =  N2  ~  ~  is  the  set  to  be 

eovered.  The  set  Fj^^,  C  N(  is  the  temporary  set  eover  of  node  Uj.  Our  solution  ineludes 
the  set  of  one-hop  neighbors  shared  by  nodes  n*  and  nj  (i.e.,  fj  Nl),  in  the  first  part  of  the 
eomputation  of  the  forwarder  list.  The  final  forwarder  list  is  defined  as  Fpp  =  Fj^^,  —  Fpp. 

The  solution  presented  by  Lim  and  Kim  [36]  is  ineorreet,  beeause  only  nodes  in 
the  subset  Nf  —  Nl  are  eonsidered  for  the  eomputation  of  the  forwarder  list,  whieh  ean  lead 
to  ineorreet  results  for  partieular  topologies.  The  reason  is  simple,  nodes  being  shared  by  the 
souree  and  the  reeeiver  are  still  eandidates  as  forwarder  nodes,  beeause  node  nj  may  have  two- 
hop  nodes  exelusively  advertised  by  some  shared  node.  Beeause  a  node  knows  the  sender’s 
forwarder  list,  it  ean  get  rid  of  those  nodes  that  were  previously  ehosen  as  forwarder  nodes  by 
the  sender.  It  turns  out  that  the  resulting  forwarder  list  deseribed  in  [36]  is  in  faet  in  the  subset 

n(  -  Nl 
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f"=  {C,D} 


Figure  3.1:  Example  where  original  DP  fails  (node  A  is  the  source). 

Figure  3.1  shows  an  example  where  DP  as  proposed  in  [36]  fails.  Consider  node  A 
as  the  souree  of  the  broadeast.  Node  A  seleets  nodes  B  and  C  as  the  forwarder  nodes.  Note 
that  Ub  =  {F,  G,  H},  but  there  is  no  node  in  the  set  {D,  E}  (i.e.,  Nf  —  that  ean  eover 
the  set  {F,  G}.  The  same  ean  be  said  for  Uc  =  {D,  E,  J},  where  there  is  no  node  in  the  set 
{F,  G}  (i.e.,  Ni  —  N^)  that  ean  eover  the  set  {D,  E}. 

Our  solution  guarantees  that  nodes  in  f]  take  part  in  the  seleetion  of  the 
forwarder  nodes  of  B,  and  that  nodes  in  f]  take  part  in  the  seleetion  of  the  forwarder 
nodes  of  G.  It  is  just  a  matter  of  eonsisteney,  even  though  some  nodes  in  and  in  F^^, 
are  ruled  out  of  the  resulting  forwarder  list  when  they  were  already  in  the  sender’s  forwarder 
list. 
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3.2  Enhanced  Dominant  Pruning 


The  objective  of  Enhanced  Dominant  Pruning  (EDP)  is  to  reduce  the  number  of 
broadcast  packets  necessary  to  flood  the  network  with  the  same  guarantees  provided  by  DP 
(after  applying  the  modifications  cited  previously).  In  the  following,  we  assume  that  a  neigh¬ 
bor  protocol  is  available  to  provide  the  two-hop  neighborhood  information. 

The  EDP  forwarder  list  as  determined  by  node  m  is  denoted  by  Ti.  We  use  the 
term  EDP  forwarder  list  to  emphasize  that  the  resulting  list  might  be  different  from  the  one 
obtained  by  simply  running  DP  (i.e.,  Fj^p)  over  Ui.  The  current  node  is  denoted  by  n*,  and  the 
node  that  sent  the  packet  is  denoted  by  S  (if  the  current  node  is  the  source  of  the  broadcast,  then 
S  =  0).  The  sender’s  forwarder  list  is  denoted  by  Fs,  and  the  second-to-previous  forwarder 
list  is  denoted  by  Fs^-  Fs  =  0  if  n*  is  the  source  of  the  broadcast.  In  a  similar  manner, 
•^Ss  =  0  if  is  the  source  of  the  broadcast  or  if  the  sender  S  is  the  source.  The  packet  header 
must  specify  the  forwarder  list  and  the  sender’s  forwarder  list  (the  sender  S  of  the  packet  is 
obtained  from  the  packet  header),  but  that  should  not  be  a  problem  given  that  both  lists  are 
expected  to  be  small,  because  GSC  is  applied  to  the  two-hop  neighborhood. 

Figure  3.2  shows  the  pseudo-code  for  determining  the  EDP  forwarder  list  Fi.  Let  C 
be  the  set  of  neighbors  of  node  m  that  are  also  in  the  sender’s  forwarder  list  Fs-  Let  U  n'i 

rik&C 

be  the  set  of  nodes  adjacent  to  neighbors  that  are  also  in  the  sender’s  forwarder  list.  These 
nodes  do  not  need  to  be  considered  when  running  DP,  because  they  are  guaranteed  to  be 
covered  by  some  other  forwarder  node.  Let  X  be  the  set  of  nodes  in  Fs  with  identifiers  larger 
than  node  n*.  The  set  of  forwarder  nodes  of  n*  that  are  reachable  through  other  forwarder 
node  in  the  sender’s  list  (i.e.,  there  is  a  disjoint  two-hop  path  to  node  through  another  node 
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in  !Fs  with  a  higher  priority)  is  denoted  by  V.  The  set  of  neighbors  that  are  already  eovered 

by  nodes  in  ^Ss  (the  seeond-to-previous  forwarder  node)  is  denoted  by  Q. 

Figure  3.2:  Enhaneed  Dominant  Pruning 
Data:  Ui,  JEg,  jFgg,  Ui 
Result:  Ti,  the  forwarder  list 

begin 

1 

2  Uhp  ^  Ui 

3  for  nfc  G  C  do 

*  L  ^DP  ^  ^DP  ~ 

5  Fhp  ^  DP{Uhp) 

6  I< -  0 

7  for  Uk  G  Ps  do 

8  if  nfc  >  Ui  then 

9  ^  j  ^  j  y  {ny 

10  V  < —  0 

11  for  Uk  G  Fpp  do 

12  for  nj  G  X  do 

13  if  ni  G  then 

14  {nfc} 

15  Q  i —  0 

16  for  Uk  G  Nl  do 

17  for  ni  G  do 

18  if  n;  G  Fss  then 

19  L  2  ^  2  u  M 

20  Fi  i —  Fp p  —  Q  —  V  —  Fs—  Fs^ 

end 

As  in  DP,  a  forwarding  node  does  not  need  to  inelude  in  its  forwarder  list  those 
neighbors  that  are  also  neighbors  of  the  sender  S  (i.e.,  Nl  f)  N^).  Beeause  the  sender  S 
already  sent  the  paeket  to  all  its  neighbors,  all  the  eommon  neighbors  between  the  sender  and 
the  reeeiver  ean  be  exeluded  from  the  forwarder  list.  Neighbors  that  are  also  in  the  sender’s 
forwarder  list  Fs  (line  1)  ean  have  their  one-hop  nodes  removed  from  Ui  (lines  2  through  4). 
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Then  DP  is  run  on  this  reduced  set,  denoted  by  Uj^p  (line  5). 

A  node  in  Fhp  that  is  covered  by  at  least  one  more  node  in  Fs  needs  to  be  covered 
by  just  one  of  these  nodes.  To  select  one,  we  use  node  identifiers  as  priorities,  and  the  node 
with  the  largest  ID  wins.  Lines  7  through  9  present  the  pseudo-code  that  creates  the  set  X, 
which  contains  the  nodes  in  Xs  with  identifiers  larger  than  the  local  node  m.  The  set  V  C  Fhp 
has  the  forwarder  nodes  that  are  reachable  through  another  node  in  the  sender’s  forwarder  list 
(lines  10  through  14).  That  is,  there  is  a  disjoint  two-hop  path  to  node  G  Fpp  through 
another  node  in  Xs  with  a  higher  priority.  Therefore,  a  node  in  the  set  V  can  be  excluded  from 
the  forwarder  list. 

A  neighbor  that  was  previously  chosen  as  a  forwarder  node  by  the  second  to 
previous  node  (i.e.,  G  Xsj),  and  neighbors  covered  by  a  node  in  Xsj,  can  be  removed  from 
the  forwarder  list  (lines  15  through  19).  A  neighbor  Uk  is  covered  by  some  node  n;  G  Xsj  if 
ni  G  N^.  Finally,  the  EDP  forwarder  list  X*  is  updated  on  line  20. 

Consider  the  example  shown  in  Figure  3.3.  Node  A  selects  nodes  {B,  D,  F}  for  its 
forwarder  list.  Node  D  selects  nodes  {E,  G}  as  forwarders,  because  E  is  the  only  neighbor 
covering  node  C,  and  node  G,  because  it  is  the  only  neighbor  covering  nodes  {H,J}.  Node  G 
can  be  removed  from  X’s  forwarder  list,  because  node  G  is  covered  by  another  forwarder  node 
with  a  higher  priority  (i.e.,  node  F  G  Fa,  and  ID{F)  >  ID{D)).  On  the  other  hand,  node 
F  selects  node  G  as  its  forwarder  node,  because  node  F  wins  over  node  D.  Node  G  selects 
node  D  as  its  forwarder,  because  D  is  the  only  neighbor  covering  node  E,  but  node  D  can  be 
dismissed  because  node  D  is  in  the  second  to  previous  forwarder  list  (i.e.,  D  G  Xsj  =  Fa)- 
Node  B  selects  node  G  as  its  forwarder,  because  node  G  is  the  only  neighbor  to  cover  node 
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9={E}  Fj,=  {C}-9  =  {} 


Figure  3.3:  Node  A  is  the  source.  The  knowledge  about  the  second  to  previous  forwarder  list  {Ta) 
allows  nodes  E  and  C  to  exclude  each  other  from  their  forwarder  list,  and  node  G  to  exclude  node  D. 
Node  D  reduces  the  size  of  its  forwarder  list  by  using  the  information  provided  by  the  set  V. 

E.  Node  C  determines  £"  as  a  forwarder  node,  beeause  E  is  the  only  neighbor  eovering  node 
D.  Node  C  does  not  need  to  inelude  node  E  in  the  forwarder  list,  beeause  node  E  is  eovered 
by  a  node  in  Ea-  The  same  happens  at  node  E,  whieh  seleets  node  C*  as  a  forwarder  node 
but  it  is  not  neeessary  to  inelude  node  C  in  the  forwarder  list,  beeause  node  C  is  eovered  by 
node  B.  It  is  important  to  note  that,  in  order  to  exelude  a  neighbor  from  the  forwarder  list,  it 
suffiees  that  the  node  is  eovered  by  other  node  in  Es^  ■  It  is  not  a  requirement  that  the  exeluded 
node  be  ehosen  as  a  forwarder  node  by  the  node  eovering  it. 

Consider  the  example  illustrated  in  Figure  3.4.  Node  A  is  the  souree  of  the  broad- 
east.  Nodes  B  and  C  are  ehosen  as  forwarders.  Node  B  does  not  need  to  eover  nodes  F  and 
G  beeause  they  are  adjaeent  to  other  node  (i.e.,  node  C)  in  the  sender’s  forwarder  list.  Given 
that,  node  B  determines  node  D  as  its  forwarder  node,  whieh  in  turn  determines  node  E  as 
its  forwarder  node.  Nevertheless,  D  does  not  need  to  forward  the  paeket  to  node  E  beeause  it 
is  eovered  by  a  previous  forwarder  node  (i.e.,  node  B  ehosen  as  forwarder  node  by  node  A), 
and  node  E  is  adjaeent  to  both  node  D  and  the  sender  B.  In  a  similar  manner,  node  C  does 
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9={E}  F„={E}-9={} 


Figure  3.4;  Node  A  is  the  source.  Nodes  B,C,D,F  are  the  only  nodes  chosen  as  forwarders  for  this 
network. 

not  need  to  eover  nodes  D  and  E,  beeause  they  are  adjaeent  to  node  B  that  is  in  the  sender’s 
forwarder  list.  C  determines  node  F  as  its  forwarder  node,  which  in  turn  determines  node  E 
as  a  forwarder  node.  Node  F  does  not  need  to  include  node  E  because  this  node  is  covered 
by  a  previous  forwarder  node  (i.e.,  node  B  that  is  in  A’s  forwarder  list). 

Theorem  1.  Given  a  graph  G{V,  E),  let  Tup  be  a  CDS  of  G  when  applying  the  algorithm 
DP,  and  Tedp  CDS  of  G  when  applying  the  algorithm  EDP.  Then  Tedp  B  equivalent  to 
Top- 

Proof  Nodes  in  the  set  and  the  set  Ts  can  be  excluded  without  any  implication  besides 
reducing  redundancy.  Nodes  in  Q  were  already  covered  by  some  other  forwarders  in 
therefore  they  can  be  omitted.  A  node  Uk  ^  V  can  be  disregarded  because  node  nt  is  covered 
by  some  other  node  in  the  set  I  (nodes  with  higher  priority),  i.e.,  all  nodes  in  are  also 
in  or  G  Ep  when  there  is  a  node  exclusively  covered  by  (i.e.  G  and 
is  not  a  neighbor  of  any  other  node  in  N(^).  Hence,  all  nodes  covered  by  Tpp  are  also  covered 
by  Tedp-  □ 
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3.3  Applying  EDP  to  AODV  in  the  Context  of  Omni-Directional 


Antennas 

This  section  addresses  the  application  of  EDP  to  the  route  discovery  process  in 
AODV  (AODV-EDP)  in  the  context  of  omni-directional  antennas.  Our  neighbor  protocol  uses 
hello  packets  to  disseminate  the  one-hop  neighborhood,  which  creates  a  picture  of  its  two-hop 
neighborhood  at  any  given  node  in  the  network.  A  hello  packet  advertises  the  node’s  sequence 
number  (mySeqNum),  the  identification  of  its  known  neighbors  {neighbors []),  and  the  corre¬ 
sponding  neighbors’  sequence  number  {neighSeqNum[]).  We  have  chosen  a  hello  interval  of 
1.5s.  To  reduce  the  number  of  broadcast  messages,  RREQ  also  advertise  the  one-hop  neigh¬ 
borhood  information,  working  as  a  hello  message.  This  event  reschedules  any  pending  hello 
message. 

To  avoid  pruning  too  many  route  requests  in  the  presence  of  mobility  and  cross¬ 
traffic,  we  have  chosen  to  implement  the  neighbor  protocol  as  part  of  AODV.  We  extended  the 
hello  mechanism  available  in  AODV  to  include  the  information  about  the  one -hop  neighbor¬ 
hood  in  hello  messages,  and  we  also  rely  on  the  AODV  mechanisms  for  evaluating  the  link 
status  to  neighbors. 

A  route  request  (RREQ)  works  in  a  similar  way  as  in  AODV.  The  main  difference 
being  that  only  forwarders  rebroadcast  a  broadcast  packet.  The  source  of  a  RREQ  calculates 
its  forwarder  list  using  EDP,  and  broadcasts  the  packet.  Upon  receiving  a  route  request,  a 
forwarder  that  cannot  respond  to  this  request  calculates  its  own  forwarder  list  using  the  infor¬ 
mation  provided  in  the  RREQ  packet  (i.e.,  forwarder  list,  second  to  previous  forwarder  list. 
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and  source  node)  and  broadcast  the  packet  after  updating  it  with  its  own  forwarder  list.  Even¬ 


tually  the  request  reaches  a  node  with  a  route  to  the  destination  or  the  destination  itself.  It  is 
expected  that  most  of  the  replies  will  come  from  an  intermediate  node  because  of  the  two-hop 
neighborhood  information. 

Because  of  topology  changes,  nodes  may  not  have  correct  two-hop  neighborhood 
information,  which  may  result  in  forwarding  lists  that  do  not  cover  all  nodes  in  the  neigh¬ 
borhood.  However,  this  is  not  a  major  problem,  because  a  node  incorrectly  excluded  from 
the  forwarder  list  also  receives  the  request  and  can  respond  in  the  case  it  has  a  route  to  the 
destination. 

3.3.1  Simulations  and  Performance  Results 

To  compare  AODV  with  EDP  (AODV-EDP)  against  other  protocols,  we  use  traf¬ 
fic  and  mobility  models  similar  to  those  previously  reported  by  Perkins  et  al  [46].  We  im¬ 
plemented  AODV-EDP  using  the  QualneP'^  [1]  network  simulator,  and  compare  it  against 
AODV-DP  (AODV  with  Dominant  Pruning),  AODV  with  no  hello  messages  and  with  2s 
hello  timers,  and  OESR.  We  have  chosen  AODV  and  OESR  because  they  represent  some 
of  the  most  referenced  reactive  and  proactive  unicast  routing  protocols  for  wireless  ad  hoc 
networks. 

Simulation  Parameters 

The  network  is  composed  of  50  nodes  spread  over  an  area  of  1500m  x  300m.  The 
radio  model  used  is  a  2Mbps  IEEE  802.11  device  with  a  nominal  transmission  range  of  280m. 
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Initially  nodes  are  placed  uniformly  over  a  grid.  Nodes  move  according  to  the  random  way- 
point  model  with  velocities  between  0  and  20m/s.  Seven  pause  times  are  tested:  Os  (always 
moving),  50s,  100s,  300s,  500s,  700s,  and  900s. 

For  traffic  sources  we  use  30  source  nodes  transmitting  4  packets /s  of  512  bytes, 
making  it  a  total  of  120  data  packets  being  injected  into  the  network  every  second.  Nodes 
begin  transmitting  at  50s  plus  an  offset  uniformly  chosen  over  a  5s  period  to  avoid  synchro¬ 
nization  in  their  initial  transmission.  Source  and  destination  pairs  are  chosen  uniformly  among 
the  nodes  in  the  network.  The  simulation  time  is  set  to  600  seconds,  and  identical  mobility 
and  traffic  scenarios  are  used  across  protocols. 

Experiments  are  repeated  for  10  trials  with  different  random  number  seeds.  Results 
present  a  95%  confidence  interval.  Each  data  point  represents  the  mean  over  the  10  runs 
discarding  the  lowest  and  largest  results  (quantile  of  one). 

Eour  performance  metrics  are  evaluated: 

•  Packet  delivery  ratio,  the  ratio  of  the  data  packets  delivered  to  the  destination  to  those 
generated  by  the  CBR  sources. 

•  Average  end-to-end  delay  for  data  packets,  including  all  possible  delays  caused  by  route 
discovery  latency,  queuing  at  the  interface,  retransmission  delays  at  the  MAC  layer,  and 
propagation  and  transfer  times. 

•  Routing  load,  the  number  of  routing  packets  transmitted  per  data  packet  delivered  to  the 
destination,  where  each  hop  traversed  by  the  packet  is  counted  as  one  transmission. 

•  MAC  collisions,  the  number  of  collisions  detected  at  the  MAC  layer. 
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Results 


We  show  that  AODV-EDP  outperforms  the  other  protocols  in  most  of  the  perfor¬ 
mance  metrics.  OLSR  performs  better  than  AODV-EDP  in  terms  of  routing  load  and  the 
number  of  MAC  collisions  (a  difference  of  about  10%  less  collisions).  However,  we  have  to 
analyze  these  results  together  with  the  other  metrics. 

Eor  example,  a  lower  end-to-end  delay  might  be  resulting  from  a  large  sample  of 
packets  delivered  through  the  shortest  connections,  and  the  total  number  of  packets  delivered 
could  be  a  way  smaller  than  for  other  protocols,  giving  us  a  wrong  impression  about  the  whole 
picture.  Besides  that,  we  do  not  expect  improvements  for  all  the  metrics  analyzed  because 
there  is  always  a  trade-off  between  improvements  in  one  aspect  and  losses  in  some  others. 

Eigure  3.5  shows  the  packet  delivery  ratio.  AODV-EDP  presents  an  almost  constant 
packet  delivery  ratio  for  all  pause  times.  As  the  network  becomes  more  static,  the  proactive 
approach  of  OESR  starts  to  payoff  and  it  performs  better  than  standard  AODV,  but  AODV- 
EDP  has  a  higher  delivery  ratio  for  all  the  pause  times.  AODV-DP  shows  that  DP  alone  can 
improve  AODV;  however,  it  also  shows  that  there  is  room  for  more  improvement  (i.e.,  there 
is  some  more  redundancy  that  can  be  eliminated).  OESR  performs  better  than  AODV-DP  for 
large  pause  times  (after  500s  pause  time). 

As  pointed  out  by  Perkins  et  al  [46],  the  possibility  of  link  failures  is  low  with 
low  mobility,  but  due  to  the  node  movement  model  (random  way-point)  nodes  usually  get 
clustered.  This  situation  is  responsible  for  congestion  in  those  regions  in  the  presence  of  high 
traffic.  This  causes  the  link  layer  to  report  link  failures  even  though  the  nodes  are  relatively 
static  and  a  physical  link  still  exists  between  the  nodes.  This  is  observed  on  Eigure  3.5,  where 
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Figure  3.5:  Packet  delivery  ratio  for  50  nodes  and  30  flows  (120  packets/s) 

we  notice  a  decreasing  on  the  packet  delivery  ratio  for  some  larger  pause  times. 

Figure  3.6  shows  the  average  end-to-end  delay.  AODV-EDP  presents  an  almost 
constant  mean  latency,  and  is  always  the  best  for  all  pause  times.  Together  with  the  packet 
delivery  ratio,  these  results  show  that  besides  delivering  more  packets  AODV-EDP  delivers 
them  faster  than  the  other  protocols.  AODV-DP  again  shows  that  DP  alone  improves  AODV, 
but  OESR  is  still  better  than  AODV-DP  for  large  pause  times.  Clustering  of  nodes  has  a  direct 
impact  on  the  latency  as  well.  Packets  spend  more  time  waiting  on  the  queues,  and  usually 
need  to  be  retransmitted  due  to  increased  congestion. 

Eigure  3.7  presents  the  routing  load.  As  expected,  AODV-EDP  has  a  lower  routing 
load  in  comparison  to  standard  AODV,  because  it  reduces  the  number  of  broadcast  transmis¬ 
sions.  As  expected,  AODV-DP  reduces  the  control  overhead  compared  to  AODV,  but  not  as 
much  as  AODV-EDP  OESR  has  the  lowest  routing  load,  but  at  the  same  time  it  gets  a  compa¬ 
rable  delivery  ratio  only  when  the  network  is  more  static.  As  mobility  increases,  OESR  does 


Packet  delivery  ratio  (50  nodes  and  30  flows) 


AODV-EDP 
AODV  -  no  hellos 
OLSR 
AODV  -  2s  hello 
AODV-DP 
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End-to-end  delay  (50  nodes  and  30  flows) 
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Figure  3.6:  End-to-end  delay  for  50  nodes  and  30  flows  (120  packets/s) 


Figure  3.7:  Routing  load  for  50  nodes  and  30  flows  (120  packets/s) 


not  deliver  as  many  paekets  as  AODV-EDP,  and  does  not  improve  the  end-to-end  delay  for  any 
pause  time.  In  another  words,  less  eontrol  overhead  does  not  translate  in  better  performanee 
for  the  upper  layers. 

Figure  3.8  shows  the  number  of  eollisions  at  the  MAC  layer.  The  number  of  eolli- 
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Figure  3.8;  MAC  collisions  for  50  nodes  and  30  flows  (120  packets/s) 

sions  for  standard  AODV  is  noticeable  larger  than  the  other  protocols,  because  a  node  always 
responds  to  the  first  received  RREQ  (if  the  TTL  is  valid,  i.e.,  greater  than  zero).  Because  both 
AODV-EDR  AODV-DR  and  OESR  reduce  the  number  of  necessary  broadcasts,  it  translates 
in  less  collisions.  OESR  produces  slightly  fewer  collisions  than  AODV-EDR  However,  these 
results  when  interpreted  together  with  the  packet  delivery  ratio  and  the  end-to-end  latency  of 
both  protocols  indicate  that  AODV-EDR  incurs  a  few  more  collisions  because  it  delivers  more 
packets. 


MAC  collisions  (50  nodes  and  30  flows) 


Because  the  scenarios  we  have  used  to  evaluate  our  approach  differ  from  those  pre¬ 
sented  in  [37],  and  because  we  implemented  our  solution  together  with  a  neighbor  and  routing 
protocol,  we  do  not  know  how  our  solution  compares  to  TDR  and  RDR  The  relation  be¬ 
tween  the  savings  of  pruning  (too  much,  or  too  little)  and  the  degree  of  broadcast  redundancy 
achieved,  can  be  different,  depending  on  the  physical  environment  under  consideration.  If 
we  take  into  account  that  more  packets  being  broadcasted  translate  into  more  contention  and 
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collisions,  we  could  have  a  different  picture,  depending  on  the  number  of  broadcasts  that  are 


avoided. 


3.4  Applying  EDP  to  AODV  in  the  Context  of  Directional  Anten¬ 
nas 

In  addition  to  applying  EDP  to  reduce  the  number  of  nodes  that  need  to  propagate 
RREQs  transmitted  on  broadcast  mode,  information  regarding  prior  routes  to  a  destination  is 
used  to  unicast  RREQs  to  a  region  close  to  the  intended  destination,  so  that  broadcast  RREQs 
are  postponed  as  much  as  possible  and  occur  (if  necessary)  only  close  to  the  destination,  rather 
than  on  a  network-wide  basis  [52]. 

Directional  antennas  are  assumed,  which  provide  higher  spatial  reuse  [29]  [66]  than 
omni-directional  antennas  for  unicast  transmission.  An  advantage  of  using  directional  an¬ 
tennas  is  that  they  allow  a  larger  number  of  simultaneous  transmissions  compared  to  omni¬ 
directional  antennas. 

Eigure  3.9  presents  the  pseudo-code  for  the  modified  RREQ.  A  route  request 
(RREQ)  is  handled  as  follows: 

•  If  the  source  of  a  RREQ  does  not  have  any  previous  knowledge  about  the  route  to 
the  destination  or  is  retrying  the  RREQ,  it  calculates  its  forwarder  list  using  EDP,  and 
broadcasts  the  packet  (Eines  8,  9,  and  14). 

•  On  the  other  hand,  if  the  source  of  a  RREQ  has  knowledge  about  a  recently  expired 
route  to  the  destination,  and  there  is  a  valid  route  to  the  next  hop  towards  the  destination 
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Figure  3.9:  RREQ  Algorithm 

Data: 

Ui,  destination  D,  JFs.  -^Ss^  Ui 

Result:  Unicast  the  RREQ,  or  Broadcast  the  RREQ 

begin 

1 

if  recently  expired  route  to  D  and  not  retrying  then 

2 

NextHop  < —  previous jnextH op{D) 

3 

if  validRoute{NextHop)  then 

4 

^  result  < — Unicast 

5 

else 

6 

^  result  < —  Broadcast 

7 

else 

8 

result  < —  Broadcast 

9 

Ti  < —  EDP{ni,Ts,Ts^,Ui) 

10 

Update  RREQ  packet  with  Ti 

11 

if  result  ==  Unicast  then 

12 

Unicast  the  RREQ  packet  to  NextHop 

13 

else 

14 

^  Broadcast  the  RREQ  packet 

end 

(Lines  2,  3,  and  4),  the  node  calculates  the  forwarder  list  using  EDP  (Line  9),  but  instead 
of  broadcasting  the  RREQ  packet,  the  node  unicasts  the  packet  to  the  last  known  next 
hop  towards  the  destination  (Eine  12). 

•  Upon  receiving  a  route  request,  a  forwarder  that  cannot  respond  to  this  request  calcu¬ 
lates  its  own  forwarder  list  using  the  information  provided  in  the  RREQ  packet  (i.e., 
forwarder  list,  second  to  previous  forwarder  list,  and  source  node)  and  broadcasts  or 
unicasts  the  packet  (depending  on  which  one  of  the  two  first  cases  apply)  after  updating 
it  with  its  own  forwarder  list. 


Eventually,  the  RREQ  reaches  a  node  with  a  route  to  the  destination  or  the  desti¬ 
nation  itself.  Our  approach  attempts  to  reduce  the  number  of  collisions  and  the  delay  of  the 
route  discovery  by  unicasting  a  RREQ  towards  the  region  where  the  destination  was  previ- 
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ously  located.  The  success  of  this  approach  depends  on  how  fresh  the  previous  known  route 


to  the  destination  is,  and  how  fast  the  destination  node  is  moving  out  of  the  previous  known 
location.  If  an  intermediate  node  has  completely  removed  any  route  to  the  destination,  the 
RREQ  is  then  broadcasted.  The  intended  effect  is  to  postpone  the  broadcast  of  a  RREQ  to 
the  region  closest  to  the  destination.  In  the  case  that  the  unicast  approach  fails,  or  there  is  no 
previous  route  to  the  destination,  the  source  broadcasts  by  default. 

Because  of  topology  changes,  nodes  may  not  have  correct  two-hop  neighborhood 
information,  which  may  result  in  forwarding  lists  that  do  not  cover  all  nodes  in  the  neigh¬ 
borhood.  However,  this  is  not  a  major  problem  when  the  request  is  broadcasted,  because  a 
node  incorrectly  excluded  from  the  forwarder  list  may  also  receive  the  request  and  is  able  to 
respond  in  the  case  it  has  a  route  to  the  destination. 

3.4.1  Simulations  and  Performance  Results 

Qualnet^M  [i]  provides  two  models  for  directional  antennas:  switched  beam  with 
multiple  patterns  (circular  array  with  8  patterns),  and  steerable  with  multiple  steerable  patterns 
(triangular  array  with  4  different  beam  widths).  The  antenna  model  is  receiver  side  only  due 
to  the  omni-directional  MAC  protocol.  In  our  simulations  we  have  used  the  switched  beam 
model  for  all  the  simulations  and  routing  protocols.  The  radio  model  used  is  a  2Mbps  IEEE 
802.11  device.  Terrain  size  and  radio  range  are  adjusted  for  each  particular  scenario. 

Traffic  sources  are  continuous  bit  rate  (CBR).  Only  512-bytes  data  packets  are  used. 
The  source-destination  pairs  are  chosen  randomly  among  the  nodes  in  the  network.  Elows 
last  in  average  for  50s  (following  an  exponential  distribution),  unless  otherwise  mentioned. 
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Source  nodes  keep  active  flows  during  all  simulation  time  (new  destinations  are  randomly 


selected  as  needed).  Nodes  begin  transmitting  at  50s  plus  an  offset  uniformly  chosen  over  a 
5s  period  to  avoid  synchronization  in  their  initial  transmissions.  The  simulation  time  is  set  to 
600  seconds,  and  identical  mobility  and  traffic  scenarios  are  used  for  all  protocols.  Initially 
nodes  are  placed  uniformly  over  a  grid.  Nodes  move  according  to  the  random  way-point 
model  with  velocities  between  1  and  20m/s.  Six  pause  times  are  tested:  Os  (always  moving), 
50s,  100s,  300s,  400s,  and  600s. 

Experiments  are  repeated  for  10  trials  with  different  random-number  seeds.  Results 
present  a  95%  confidence  interval.  Each  data  point  represents  the  mean  over  the  10  runs 
discarding  the  lowest  and  largest  results  (quantile  of  one). 

50-Node  Scenario 

The  network  is  composed  of  50  nodes  spread  over  an  area  of  1500m  x  300m.  The 
radio  has  a  nominal  transmission  range  of  250m.  The  network  is  tested  for  three  traffic  mod¬ 
els: 


•  30  source  nodes  transmitting  4  packets / s,  each  flow  lasting  in  average  50s  (exponential 
distribution). 

•  40  source  nodes  transmitting  3  packets/ s  (flows  of  50s  as  in  the  previous  scenario). 

•  30  source  nodes  transmitting  4  packets / s,  with  very  short  flows  (flows  lasting  in  aver¬ 
age  10s  and  20s). 
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In  both  scenarios,  we  have  a  total  of  120  data  packets  being  injected  into  the  net¬ 


work  every  second.  We  show  that,  in  all  of  the  categories,  AODV-EDP  outperforms  the  other 
protocols.  Figures  3.10  and  3.11  summarize  the  results  for  30  and  40  flows,  and  Figures  3.12 
and  3.13  summarize  the  results  for  30  sources  varying  the  flow  duration. 

As  pointed  out  by  Perkins  et  al  [46],  the  possibility  of  link  failures  is  low  with 
low  mobility,  but  due  to  the  node  movement  model  {random  way-point)  nodes  usually  get 
clustered.  This  situation  is  responsible  for  congestion  in  those  regions  in  the  presence  of  high 
traffic.  This  causes  the  link  layer  to  report  link  failures  even  though  the  nodes  are  relatively 
static  and  a  physical  link  still  exists  between  the  nodes.  This  is  observed  on  Figure  3.10(a), 
where  we  notice  a  decreasing  on  the  packet  delivery  ratio  for  some  larger  pause  times. 

Figure  3.10(b)  shows  the  average  end-to-end  delay  for  30  flows.  AODV-EDP 
presents  an  almost  constant  mean  latency,  and  is  always  the  best  for  all  pause  times.  To¬ 
gether  with  the  packet  delivery  ratio,  these  results  show  that  besides  delivering  more  packets 
for  most  of  the  pause  times,  AODV-EDP  delivers  them  faster  than  the  other  protocols.  AODV- 
DP  again  shows  that  DP  alone  improves  AODV  Clustering  of  nodes  has  a  direct  impact  on 
the  latency  as  well.  Packets  spend  more  time  waiting  on  the  queues,  and  usually  need  to  be 
retransmitted  due  to  increased  congestion. 

Figure  3.11(a)  presents  the  routing  load  for  30  flows.  As  expected,  AODV-EDP  has 
a  lower  routing  load  compared  to  standard  AODV,  because  it  reduces  the  number  of  broadcast 
transmissions.  AODV-DP  reduces  the  control  overhead  compared  to  AODV,  but  not  as  much 
as  AODV-EDP. 
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Figure  3.10:  50  Nodes,  30  and  40  flows:  packet  delivery  ratio  and  end-to-end  delay 


MAC  collisions  (#  of  events)  Normalized  routing  load 


Figure  3.11(b)  shows  the  number  of  collisions  at  the  MAC  layer  for  30  flows.  The 


number  of  collisions  for  standard  AODV  is  noticeable  larger  than  the  other  protocols,  be¬ 
cause  a  node  always  respond  to  the  first  received  RREQ  (if  the  TTL  is  valid,  i.e.,  greater  than 
zero).  Because  both  AODV-EDP  and  AODV-DP  reduce  the  number  of  necessary  broadcasts, 
it  translates  in  less  collisions. 

In  this  scenario  we  increase  the  number  of  flows  but  keep  the  same  number  of  data 
packets  being  injected  into  the  network  (each  source  sends  3  packets/s).  Eigure  3.10(a)  shows 
the  packet  delivery  ratio.  AODV-EDP  presents  an  almost  constant  packet  delivery  ratio  for  all 
pause  times,  and  it  has  a  higher  delivery  ratio  for  all  the  pause  times.  The  effect  of  clustering  is 
noticeable  on  Eigure  3.10(a).  This  result  shows  that  by  increasing  the  number  of  flows,  more 
nodes  in  the  network  participate  in  active  communications,  what  translates  in  more  replies 
coming  from  intermediate  nodes  during  the  route  discovery  process.  In  these  circumstances, 
it  helps  even  more  when  a  request  can  be  unicasted  instead  of  broadcasted. 

Eigure  3.10(b)  shows  the  average  end-to-end  delay  for  40  flows.  AODV-EDP 
presents  an  almost  constant  mean  latency,  and  is  always  the  best  for  all  pause  times.  In  this  sce¬ 
nario  AODV-EDP  again  deliver  more  packets,  and  doing  it  faster  than  the  two  other  variants. 
AODV-DP  again  shows  that  DP  alone  improves  AODV.  Eor  all  the  pause  times,  AODV-DP 
presents  less  than  half  the  latency  produced  by  AODV.  On  its  turn,  AODV-EDP  reduces  even 
more  the  end-to-end  delay,  having  almost  all  the  time  half  the  latency  produced  by  AODV-DP. 
The  impact  of  clustering  of  nodes  in  the  latency  of  data  packets  is  more  noticeable  only  for 
AODV. 
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Figure  3.11(a)  presents  the  routing  load  for  40  flows.  As  expected,  there  is  an  in¬ 


crease  in  the  routing  load  because  there  are  more  flows  (and  destinations)  in  the  network.  It 
is  more  noticeable  the  improvements  introduced  by  both  dominant  pruning  techniques,  but 
AODV-EDP  performs  better  for  all  pause  times. 

Figure  3.11(b)  shows  the  number  of  collisions  at  the  MAC  layer  for  40  flows.  Al¬ 
though  a  larger  number  of  flows,  for  both  AODV-DP  and  AODV-EDP  we  notice  only  a  slightly 
difference  (sometimes  even  less  collisions)  compared  to  the  30  flows  scenario.  But  AODV 
incurs  on  more  collisions  than  on  the  previous  scenario.  In  all  situations  AODV-EDP  outper¬ 
forms  the  two  other  variants. 

In  this  set  of  simulations  we  play  with  the  flow  duration.  At  any  given  time,  there 
are  at  least  30  active  flows,  and  every  node  in  the  network  has  a  chance  to  be  the  source  of 
at  least  one  session  .  In  fact,  because  we  are  dealing  with  flows  of  short  duration,  every  node 
participates  as  a  sender  and  as  a  receiver  on  several  different  sessions  during  the  simulation 
time.  Plows  last  in  average  10s  and  20s  (exponential  distribution).  As  mentioned  before, 
flows  start  at  50s  of  simulation  time  with  a  jitter  of  5s.  Por  each  flow  duration,  simulations 
are  run  for  the  same  number  of  trials  as  in  the  previous  scenarios. 

The  results  presented  in  Pigures  3.12  and  3.13  show  that  DP  alone  improves  the 
performance  of  AODV  for  all  pause  times  and  for  all  flows.  But  AODV-EDP  performs  better 
than  the  other  two  protocols  in  all  situations,  and  it  also  presents  the  smallest  variance  among 
the  three  protocols.  Both  AODV-DP  and  AODV-EDP  present  an  almost  constant  performance 
for  all  pause  times.  As  expected,  we  notice  again  a  great  reduction  on  the  control  overhead 
due  to  the  pruning  of  redundant  broadcasts.  But  we  also  notice  that  AODV  performs  as  well 
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as  the  other  protoeols  regarding  number  of  eollisions  in  situations  with  large  pause  times  and 


flows  of  20s. 

100-Node  Scenario 

The  network  is  eomposed  of  100  nodes  spread  over  an  area  of  2200m  x  600m.  The 
radio  has  a  nominal  transmission  range  of  280m.  For  traffie  sourees,  we  have  two  traffie  mod¬ 
els:  40  souree  nodes  transmitting  3  packets / s,  and  60  souree  nodes  transmitting  2  packets / s. 
In  both  eases  we  have  a  total  of  120  data  paekets  being  injeeted  into  the  network  every  seeond. 
We  show  that,  in  most  of  the  eategories,  AODV-EDP  outperforms  the  other  protoeols.  For  all 
the  metries  evaluated,  AODV-EDP  presents  the  smallest  varianee. 

Eigure  3. 14(a)  shows  the  paeket  delivery  ratio  for  40  flows.  AODV-EDP  presents  an 
almost  eonstant  paeket  delivery  ratio  for  all  pause  times,  as  well  as  a  higher  delivery  ratio  for 
all  pause  times.  AODV-DP  performs  worse  than  AODV  speeially  in  the  high  mobility  seenar- 
ios,  as  the  network  gets  more  statie  the  differenee  between  AODV  and  AODV-DP  beeomes 
very  small. 

Eigure  3.14(b)  shows  the  average  end-to-end  delay  for  40  flows.  AODV-EDP 
presents  an  almost  eonstant  mean  lateney,  and  is  always  the  best  for  all  pause  times.  Together 
with  the  paeket  delivery  ratio,  these  results  show  that  besides  delivering  more  paekets,  AODV- 
EDP  delivers  them  faster  than  the  other  protoeols.  Although  AODV-DP  performs  better  than 
AODV,  AODV-DP  delivers  less  paekets  than  AODV. 

Eigure  3.15(a)  presents  the  routing  load  for  40  flows.  As  expeeted,  AODV-EDP  has 
a  lower  routing  load  in  eomparison  to  standard  AODV,  but  the  differenee  among  the  protoeols 
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Figure  3.13:  50  Nodes,  flows  of  10s  and  20s:  control  overhead  and  MAC  collisions 
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Figure  3.14;  100  Nodes,  40  and  60  flows:  packet  delivery  ratio  and  end-to-end  delay 


is  a  way  larger  than  in  the  50  nodes  seenario.  AODV-DP  reduees  the  eontrol  overhead  eom- 


pared  to  AODV,  but  not  as  mueh  as  AODV-EDP.  AODV-DP  shows  that  DP  alone  improves 
the  eontrol  overhead,  but  it  does  not  improve  as  mueh  as  EDP 

Eigure  3.15(b)  shows  the  number  of  eollisions  at  the  MAC  layer  for  40  flows.  As 
expeeted,  the  number  of  eollisions  for  standard  AODV  is  notieeable  larger  than  the  other 
protoeols.  AODV-EDP  ineurs  4  to  5  times  less  eollisions  than  AODV  for  most  of  the  pause 
times,  and  almost  half  of  the  eollisions  ineurred  by  AODV-DP.  AODV-EDP  also  presents  the 
smallest  varianee,  and  an  almost  eonstant  number  of  eollisions  for  all  pause  times. 

Eigure  3.14(a)  shows  the  paeket  delivery  ratio  for  60  flows.  AODV-EDP  presents 
an  almost  eonstant  paeket  delivery  ratio  for  all  pause  times,  as  well  as  a  higher  delivery  ratio. 
AODV-DP  performs  worse  than  AODV  but  the  differenee  is  smaller  eompared  to  the  40  flows 
seenario. 

Eigure  3.14(b)  shows  the  average  end-to-end  delay  for  60  flows.  AODV-EDP 
presents  an  almost  eonstant  mean  lateney,  and  is  always  the  best  for  all  pause  times.  As 
in  the  previous  scenarios,  besides  delivering  more  packets,  AODV-EDP  delivers  them  faster. 
AODV-DP  performs  better  than  AODV,  but  it  also  delivers  slightly  less  packets  than  AODV. 
As  expected,  the  latency  increases  compared  to  the  40  flows  scenario,  but  not  as  much  for 
AODV-EDP. 

Eigure  3.15(a)  presents  the  routing  load  for  60  flows.  AODV-DP  performs  better 
than  AODV,  specially  for  larger  pause  times.  AODV-EDP  is  the  best  again,  and  when  com¬ 
paring  the  results  against  the  40  flows  scenario,  we  observe  that  only  AODV-EDP  does  not 
increase  the  control  overhead  proportionally  as  observed  in  the  two  other  protocols. 
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Figure  3.15:  100  Nodes,  40  and  60  flows:  control  overhead  and  MAC  collisions 


Figure  3.15(b)  shows  the  number  of  eollisions  at  the  MAC  layer  for  60  flows.  Com¬ 
pared  to  the  40  flows  scenario,  AODV  increases  about  50%  the  number  of  collisions,  while 
both  AODV-EDP  and  AODV-DP  increase  around  15%  the  number  of  collisions.  Both  pruning 
techniques  show  to  be  effective  on  reducing  redundant  broadcasts,  but  EDP  outperforms  DP 
in  all  aspects. 

3.5  Conclusions 

We  presented  an  enhanced  dominant  pruning  approach  that  allows  pruning  redun¬ 
dant  broadcasts  even  more  than  the  conventional  dominant  pruning  heuristic.  Redundant 
broadcasts  increase  the  number  of  packet  collisions,  and  consequently  delay  the  response  for 
RREQs  in  the  route  discovery  process.  EDP  is  shown  to  reduce  the  number  of  broadcast  trans¬ 
missions  when  compared  to  standard  DP.  Because  EDP  requires  the  two-hop  neighborhood 
to  determine  the  forwarder  list,  we  built  a  neighbor  protocol  as  part  of  AODV.  By  making  the 
neighbor  protocol  part  of  AODV,  the  result  is  a  more  accurate  view  of  the  local  topology,  and 
therefore  more  accurate  is  the  determination  of  the  forwarder  list. 

In  the  context  of  omni-directional  antennas,  AODV-EDP  improves  the  packet  de¬ 
livery  ratio  for  all  the  pause  times  tested  in  the  50  nodes  and  30  flows  scenario.  The  other 
protocols  (standard  AODV  and  OESR)  deliver  fewer  packets  than  AODV-EDP  (the  only  ex¬ 
ception  is  at  900s  when  OESR  has  the  same  delivery  ratio  as  AODV-EDP).  The  end-to-end 
delay  is  much  better  in  AODV-EDP,  and  is  less  than  half  of  the  delays  incurred  by  the  other  two 
protocols.  The  better  delivery  ratio  and  lower  latency  do  not  come  for  free,  and  AODV-EDP 
incurs  more  normalized  routing  load  than  OESR,  but  less  than  standard  AODV.  The  reduction 
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of  broadcast  replicas  by  AODV-EDP  and  OLSR  translates  into  a  lower  number  of  collisions 


at  the  MAC  layer. 

In  addition  to  applying  EDP  to  reduce  the  number  of  nodes  that  need  to  propagate 
RREQs  transmitted  on  broadcast  mode,  information  regarding  prior  routes  to  a  destination  is 
used  to  unicast  RREQs  to  a  region  close  to  the  intended  destination,  so  that  broadcast  RREQs 
are  postponed  as  much  as  possible  and  occur  (if  necessary)  only  close  to  the  destination, 
rather  than  on  a  network-wide  basis.  Directional  antennas  are  assumed,  which  provide  higher 
spatial  reuse  than  omni-directional  antennas  for  unicast  transmission.  In  this  context,  we 
show  through  extensive  simulation  results  that  AODV-EDP  improves  the  performance  in  all 
aspects  (i.e.,  the  four  metrics  chosen)  for  all  the  pause  times  in  the  50-node  and  the  100- 
node  scenarios.  The  other  protocols  (standard  AODV  and  AODV-DP)  deliver  fewer  packets 
than  AODV-EDP.  AODV-EDP  not  only  delivers  more  packets,  but  it  does  it  faster  than  the 
other  protocols.  AODV-EDP  also  presents  the  smallest  variance  among  the  protocols,  and 
almost  constant  results  for  all  the  metrics  considered  in  the  simulations  (with  some  exceptions 
because  of  clustering  of  nodes  due  to  the  mobility  model). 
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Chapter  4 


Improving  On-Demand  Routing  with 
Two-Hop  Connected  Dominating  Sets 


We  introduce  the  three-hop  horizon  pruning  (THP)  [51,53,54]  algorithm  to  make  broadcast 
operations  more  efficient  in  ad  hoc  networks  using  contention-based  MAC  protocols.  THP 
builds  a  two-hop  connected  dominating  set  (TCDS)  of  the  network,  which  is  a  set  of  nodes 
such  that  every  node  in  the  network  is  within  two  hops  from  some  node  in  the  dominating 
set.  Efficiency  of  broadcast  operations  is  attained  by  implementing  forwarding  schemes  that 
take  advantage  of  a  TCDS.  More  specifically,  every  node  provides  ifs  one-hop  neighbors  wifh 
a  lisf  specifying  one  or  more  fuples,  each  wifh  fhe  identifier  of  a  one-hop  neighbor  and  a  bif 
indicafing  if  fhaf  neighbor  dominafes  any  fwo-hop  neighbor.  To  forward  a  broadcasf  packef,  a 
node  fries  fo  obfain  fhe  smallesf  subsef  of  forwarders,  which  are  one-hop  neighbors  fhaf  use 
some  of  fhe  node’s  fwo-hop  neighbors  fo  reach  any  node  fhaf  is  fhree  hops  away.  Affer  such  a 
selection  of  forwarders,  fhe  node  broadcasfs  ifs  packef  wifh  a  header  specifying  ifs  forwarder 
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list,  and  each  forwarder  in  turn  repeats  the  process. 


THP  is  the  first  heuristic  to  take  into  account  three-hop  information  in  the  selection 
of  relay  nodes  for  the  broadcasting  of  packets,  while  incurring  signaling  overhead  that  is 
much  the  same  as  that  of  heuristics  based  on  two-hop  information.  THP  is  also  the  first 
neighbor-designated  algorithm  for  computing  a  TCDS.  The  one-hop  neighbor  list  and  the 
one-hop  dominating  list  communicated  to  a  node  by  its  one-hop  neighbors  provide  the  node 
with  a  three-hop  horizon  of  how  a  broadcast  message  can  be  propagated  to  nodes  that  are  three 
hops  away,  even  though  they  are  unknown. 

When  a  broadcast  protocol  based  on  neighbor  information  is  used  it  is  possible 
to  maintain  fresh  routes  to  all  nodes  within  two  hops,  because  every  node  has  the  two-hop 
neighborhood  information.  For  example,  in  on-demand  routing  protocols  (e.g.,  the  Ad-hoc 
On-demand  Distance  Vector  Protocol  (AODV)  [45])  it  is  not  necessary  to  broadcast  the  route 
request  (RREQ)  packet  to  every  node  in  the  network:  disseminating  it  to  a  TCDS  of  the 
network  is  enough. 

THP  is  shown  to  improve  the  performance  of  networks  with  low  mobility  when 
it  is  used  for  broadcasting  of  route  request  (RREQ)  messages  in  AODV.  However,  because 
THP  relies  on  an  accurate  view  of  the  two-hop  neighborhood,  high  mobility  can  degrade  its 
performance  considerably. 

To  address  this  problem,  we  propose  the  Three-hop  Horizon  Enhanced  Pruning 
(THEP).  A  virtual  radio  range  (VR),  shorter  than  the  physical  radio  range  (RR),  is  used  for 
gathering  information  about  the  local  neighborhood  (i.e.,  two-hop  neighborhood).  Instead  of 
using  two  different  transmission  powers  as  proposed  by  Wu  and  Dai  [70],  a  single  transmis- 
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sion  power  is  used  while  still  managing  to  have  a  buffer  zone  in  whieh  neighbors  ean  move 


without  eompromising  network  eonneetivity.  Having  two  transmission  powers,  tmin  and  tmax 
(with  tmin  <  tmax).  Can  ineur  additional  interferenee  eompared  to  having  just  one  transmis¬ 
sion  power  t  <  tmax,  beeause  the  transmit  power  of  eaeh  node  appears  as  interferenee  noise 
degrading  the  signal-to-noise  ratio  (SNR)  [9].  In  general,  the  greater  the  transmit  power  the 
higher  the  interferenee  to  other  nodes’  transmissions  and  reeeptions. 

Upon  reeeiving  a  broadeast  paeket,  the  forwarder  list  in  the  paeket  header  is  ana¬ 
lyzed  together  with  the  eurrent  information  about  the  loeal  neighborhood.  This  is  done  to  find 
ineonsisteneies  between  the  most  up-to-date  one-hop  dominating  list  and  the  one  used  by  the 
sender  to  eompute  the  sender’s  forwarder  list.  Changes  in  the  loeal  topology  may  have  im- 
paeted  the  one-hop  dominating  list.  If  that  is  the  ease,  a  node  may  deeide  to  relay  a  broadeast 
paeket  even  though  it  was  not  seleeted  as  a  forwarder  by  the  sender. 

4.1  Three-Hop  Horizon  Pruning  (THP) 

The  most  effieient  broadeasting  algorithms  that  have  been  proposed  to  date  prune 
unneeessary  transmissions  using  two-hop  topology  information  at  eaeh  node.  Eaeh  node  se- 
leets  a  subset  of  one-hop  neighbor  nodes  whose  transmissions  reaeh  all  its  two-hop  neighbor 
nodes.  Beeause  every  nodes  earries  out  the  same  type  of  pruning,  a  broadeast  paeket  ean  po¬ 
tentially  reaeh  all  network  nodes  using  fewer  transmissions,  depending  on  the  reliability  of 
the  MAC  layer. 

In  DP,  the  forwarder  list  is  a  set  of  one-hop  nodes  sueh  that  all  two-hop  nodes  are 
eovered.  The  approaeh  we  use  in  the  Three-Hop  Horizon  Pruning  (THP)  algorithm  is  to  make 
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the  pruning  process  in  DP  more  efficient  by  using  topology  information  three  hops  away  from 


a  given  node,  while  incurring  very  limited  additional  signaling  overhead  in  conveying  such 
information. 

The  information  about  the  two-hop  neighborhood  of  a  node  can  be  disseminated  by 
means  of  a  neighbor  protocol  that  is  independent  of  the  routing  protocol,  or  by  periodically 
advertising  the  one -hop  neighbor  list  using  HELLO  messages  as  part  of  the  routing  protocol. 
Without  loss  of  generality,  let  us  assume  that  nodes  use  HELLO  messages  to  advertise  the 
one-hop  neighbor  lists  of  nodes. 

Based  on  the  one-hop  neighbor  lists  from  its  one-hop  neighbors,  each  node  can 
determine  which  one-hop  neighbor  it  can  use  to  reach  any  two-hop  neighbor.  Hence,  node 
rij  could  derive  a  one-hop  dominating  list,  by  running  standard  DP  over  the  two-hop 

neighborhood  as  if  node  rij  were  the  source  (for  notation  refer  to  the  List  of  Notations). 

In  addition  to  informing  its  one-hop  neighbors  about  its  one-hop  neighbor  list,  node 
rij  also  communicates  its  one-hop  dominating  list  to  its  one-hop  neighbors.  To  reduce 

the  space  required  for  this  additional  information,  the  one-hop  dominating  list  is  encoded  in 
a  bit-map  format.  Because  a  node  lists  all  its  one-hop  neighbors  in  its  HELLO  message,  and 
because  the  one-hop  dominating  list  is  a  subset  of  the  one-hop  nodes  (i.e.,  C  it 

suffices  fo  signal  (i.e.,  one  bif  per  node)  which  neighbors  are  one-hop  dominating  nodes. 

The  one-hop  neighbor  lisf  and  fhe  one-hop  dominating  list  communicated  fo  a  node 
by  ifs  one-hop  neighbors  provides  fhe  node  wifh  a  three-hop  horizon  of  how  a  broadcasf 
message  can  be  propagafed  fo  nodes  fhaf  are  fhree  hops  away,  even  fhough  fhey  are  unknown. 
Lor  node  n*,  fhe  sef  of  all  for  all  rij  G  N\,  confain  fhe  sef  of  fwo-hop  nodes  covering 
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O  source  O  1-hop  node 
9  2-hop  node#  3-hop  node 
forwarder 


Figure  4.1:  Network  example:  (A)  Node  a  knows  its  two-hop  neighborhood,  and  the  one-hop  domi¬ 
nating  nodes  (i.e.,  -Di-hop  )  selected  by  each  one-hop  neighbor.  A  subset  of  nodes  from  Un  -^i-hop 
(i.e.,  {g,  h,  i,j})  cover  all  nodes  in  the  three-hop  neighborhood  of  node  a  .  (B-F)  show  the  network 
from  the  point  of  view  of  each  neighbor  of  node  a,  and  how  each  Di-hop  list  is  obtained  via  DP. 


all  three-hop  nodes  of  node  n,.  Figure  4.1  (A)  shows  an  example  network.  Node  a  knows 
its  two-hop  neighborhood,  and  also  the  one-hop  dominating  list  advertised  by  eaeh  one-hop 
neighbor  (along  with  the  one-hop  neighbor  list).  Figure  4.1  (B  through  F)  show  the  network 
from  the  point  of  view  of  eaeh  one-hop  neighbor  of  node  a,  and  how  they  get  to  the  one-hop 
dominating  list  (i.e.,  Z?i-hop)  by  running  DP.  Exeluding  node  a  itself  and  its  one-hop  neighbors, 
the  list  of  nodes  from  all  for  all  rij  G  Nf  is  redueed  to  {p,  h,  i,j},  and  we  ean  see  that 

all  three-hop  nodes  of  node  a  are  eovered  by  these  set  of  nodes. 
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Instead  of  simply  using  the  two-hop  neighbor  eoverage  as  the  main  eriteria  for  se- 


leeting  forwarders  as  is  done  in  standard  DP,  THP  uses  the  advertised  neighbor’s  one-hop 
dominating  list  (i.e.,  Di.hop)  to  eompute  whieh  one-hop  neighbors  have  forwarders  other  than 
nodes  in  Nl  n*  (i.e.,  nodes  other  than  the  node  itself  and  its  one-hop  neighbors).  Figure  4.3 
presents  the  pseudo-eode  for  THP  (for  notation  refer  to  List  of  Notations).  Let  C  be  the  list  of 
nodes  to  be  eonsidered  as  eandidates  for  forwarders.  One-hop  neighbors  of  the  sender  S  do 
not  need  to  be  taken  into  aeeount  (line  1),  beeause  the  sender  already  did  it.  For  all  eandidates 
to  forwarders  G  C,  the  list  of  nodes  to  be  eovered  (i.e.,  set  U[k])  is  built.  From  the  list 
hop’  nodes  that  are  not  one -hop  neighbors  of  the  eurrent  node,  n,,  and  are  not  node  rii 
itself,  are  ineluded  in  the  list  U[k]  (lines  2  through  6).  The  set  to  be  eovered,  U,  is  eomposed 
of  all  subsets  W[/c]  for  all  nodes  Uk  G  C.  Nodes  in  U[k]  that  are  eovered  (i.e.,  in  another  subset 
of  or  a  neighbor  of  some  node  in  C)  by  another  node  in  C  ean  be  eliminated  (lines  7  through 
12,  and  Figure  4.2).  For  all  eandidates  nu  ^  C  and  for  every  node  rim  £  kl[k],  the  algorithm 
eheeks  if  there  is  another  eandidate  to  forwarder  ni  £  C  sueh  that  node  rim  is  a  neighbor  of 
node  rii-  If  this  is  the  ease,  then  node  rim  can  be  removed  from  the  set  eovered  by  node  rik 
(i.e.,  U[k]).  In  other  words,  if  there  is  some  eandidate  ni  that  is  neighboring  a  node  rim  (whieh 
may  or  not  be  in  U[l])  that  is  in  the  set  to  be  eovered  by  eandidate  node  rik,  then  node  rim 
does  not  need  to  be  eovered  by  node  rik,  given  that  node  ni  being  a  neighbor  of  node  rim  did 
ehoose  it  as  one-hop  dominating  node  or  has  another  neighbor  eovering  the  nodes  eovered  by 
node  rim-  In  case  node  n;  did  not  ehoose  node  rim  as  a  one-hop  dominating  node,  it  may  be 
the  ease  that  node  n;  has  another  neighbor(s)  eovering  the  nodes  advertised  by  node  rim,  or 
all  neighbors  of  node  rim  are  also  neighbors  of  node  rii.  If  the  set  U[k]  beeomes  empty,  then 
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•  Candidate's  one -hop  dominating  node 


Figure  4.2;  Node  k  does  not  choose  node  I  as  a  forwarder  (standard  DP,  for  the  hello  message).  In 
Case  (a),  another  node  (i.e.,  neighbor  m)  covers  all  nodes  covered  by  I  (excluding  those  nodes  covered 
by  k),  plus  node  o.  In  Case  (b),  all  nodes  covered  by  I  are  one-hop  neighbors  of  node  k.  In  any  case,  it 
is  safe  to  remove  I  from  U[j],  because  node  k  covers  all  nodes  covered  by  /,  or  has  other  neighbor(s) 
covering  the  nodes  covered  by  1. 


node  Uk  is  no  longer  a  eandidate  to  forwarder,  and  ean  be  removed  from  the  set  C  (lines  1 1 
and  12).  One  restrietion  when  eliminating  redundaney  from  the  set  U,  is  that  a  node  Uk  must 
have  all  its  nodes  in  the  setU[k]  eheeked  before  proeeeding  to  the  next  node  in  the  set  C.  After 
all  nodes  in  C  are  proeessed,  the  nodes  remaining  in  the  set  C  are  seleeted  as  forwarders. 

The  following  theorem  proves  that  THP  forms  a  TCDS  in  a  eonneeted  network. 

Theorem  2.  Given  a  connected  graph  G(y,  E),  the  node  subset  N' ,  computed  using  the  THP 
algorithm,  forms  a  TCDS  of  G. 

Proof  By  the  definition  of  a  one-hop  dominating  set,  for  any  node  in  the  network,  the  set 
hop  ^  subset  of  nodes  of  sueh  that  all  nodes  in  N2  are  eovered.  First,  we  eonsider 
the  set  of  forwarders  defined  by  the  souree,  n*,  and  then  from  the  initial  set  of  forwarders, 
Ti,  we  show  how  the  TCDS  is  eonstrueted.  For  the  souree  node  n*,  the  list  of  eandidates 
to  forwarders,  C,  inelude  all  the  one-hop  neighbors  of  node  rii  (i.e.,  Nf).  Beeause  n*  is  the 
souree,  5  =  0.  The  set  U  =  XljeAfj  cover  all  three-hop  nodes  of  node  rii,  beeause  it 
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includes  all  the  nodes  covering  the  two-hop  neighborhood  of  all  neighbors  of  node  n*  (i.e., 
V  rij  G  node  n*  knows  -Dj.^op)-  A  node  Uk  G  ^[j]?  such  that  node  Uk  G  for  node 
ni  ^  C  (ni  /  rij),  can  be  excluded  from  U[j],  because  node  Uk  is  covered  by  node  ni,  which 
is  another  valid  candidate  to  forwarder.  This  assertion  holds  given  that  all  nodes  in  U[j]  are 
processed  before  proceeding  to  the  remaining  nodes  in  C  (i.e.,  for  any  node  nj  G  C,  check 
this  condition  for  all  nodes  in  U[j],  before  proceeding  to  the  next  node  ni  G  C).  Hence,  the 
nodes  in  U  cover  all  two-hop  and  three-hop  nodes  of  node  n*.  The  set  of  forwarders,  Ti, 
is  a  subset  of  nodes  in  the  set  C,  such  that  all  nodes  in  U  are  covered.  On  their  turn,  nodes 
{njj ,  rij^ ,  G  J^i  compute  their  sets  C,  excluding  the  sender  (i.e.,  S  =  rii),  and  the  one- 

hop  neighbors  shared  with  the  sender  {N(  n  NI),  because  these  nodes  are  already  considered 
by  node  n,  when  deriving  the  set  Ti.  Nodes  {njy,nj2,  G  Ti  derive  their  list  of 

forwarders,  i.e.,  {J^j^ ,  ...,  (which  can  be  an  empty  list  in  case  no  candidates  lead  to 

three-hop  nodes).  Each  individual  set  in  {J^j^ ,  ,  •  •  • ,  }  cover  the  three-hop  neighborhood 

of  nodes  {rij^ ,  rij^, ...,  respectively.  Given  that  the  set  of  nodes  {rij^ ,  cover 

the  three-hop  nodes  of  node  n*,  the  joint  sets  cover  the  four-hop  nodes 

of  node  n*.  Therefore,  the  set  of  forwarders  chosen  subsequently  cover  all  nodes  d  -|-  3  hops 
away  from  the  source,  where  d  is  the  distance  from  the  forwarder  to  the  source.  Because 
a  forwarder  is  selected  by  a  previous  forwarder,  or  by  the  source,  the  set  of  forwarders  is 
connected.  Furthermore,  because  a  forwarder  checks  for  neighbors  that  reach  three-hop  nodes, 
it  is  guaranteed  that,  whenever  there  is  at  least  one  three-hop  node,  a  forwarder  is  selected 
among  the  forwarder’s  one-hop  neighbors.  Because  the  selection  process  ends  when  no  more 
three-hop  nodes  can  be  reached  from  a  forwarder,  it  is  guaranteed  that  any  node  in  the  network 
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is  at  most  two  hops  from  a  forwarder. 


□ 


Figure  4.3:  THP 


Data:  rii  (any  given  node),  S  (sender),  for  all  k  ^  Nf 

Result:  Ti,  the  forwarder  list 

begin 

C  i —  Ni-  TVf 

/*  Select  neighbors  with  one-hop  dominating  nodes 
other  than  one-hop  neighbors  and  the  node 
itself  */ 

for  nfc  G  C  do 

U[k]  < —  0 


7 

8 
9 

10 

11 

12 


13 

14 


for  m  G  do 

if  ni  ^  {Nl  +  Ui)  then 
I  U[k]  < —  U[k]  +  {ni} 

L 

Exclude  candidates  covered  by  another 
candidate  in  C  */ 

for  rifc  G  C  do 

for  Um  G  U[k\  do 

if  3  {ni  /  Uk)  G  C  I  rim  £  then 
U[k]  < —  U[k]  —  Um 
\^U[k]  ==  0  then 

|_  C  < —  C  -rik 

/*  For  every  node  G  C,  and  for  every  nm^kl[k], 
there  is  no  other  ni  G  C  such  that  nmGU[l]} 
therefore,  all  nodes  in  C  are  forwarders.  */ 

return  Ti 


end 


4.1.1  Example  of  THP  Operation 

Figure  4.4  depicts  an  example  of  applying  THP  to  compute  a  TCDS,  having  node  a 
as  the  source.  First,  lets  consider  the  one-hop  dominating  lists  announced  by  the  neighbors  of 
node  a:  =  {g,h,o,p],  =  {a,b,h,k],  Zl^hop  =  ^uhop  =  {a,A:,r}, 
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and  -D[.hop  =  {«)  o,  in}.  Because  node  a  is  the  source,  all  its  one  hop  neighbors  are  candidates 
to  be  forwarders.  We  have  that  =  {h,g},  U[o]  =  0,  =  {h,b},  U[r]  =  {w}, 

and  U[s\  =  {6}.  Node  o  is  not  a  candidate,  because  it  does  not  provide  one -hop  dominating 
nodes  other  than  one-hop  neighbors  of  node  a,  or  node  a  itself.  In  other  words,  node  o  has 
no  two-hop  neighbors  other  than  those  reachable  through  node  a’s  neighbors  or  node  a  itself. 
Therefore,  there  is  no  use  to  forward  the  packet  toward  node  o.  After  excluding  candidates 
covered  by  another  candidate  to  be  a  forwarder  (considering  nodes  in  C  are  processed  in 
alphabetical  order),  we  obtain:  U[k]  =  {^f},  U[p\  =  0,  U[r]  =  {m},  and  U[s\  =  {b}.  Notice 
that  node  h  is  not  listed  in  any  of  the  Z^’s  list.  However,  there  is  at  least  one  node  (node 
k)  in  C  covering  node  h,  because  a  node  rim  can  only  be  removed  from  list  U[k]  if  there  is 
another  valid  candidate  n;  covering  node  n-m  (i-e.,  rim  £  N[).  The  source’s  forwarder  list  is 
then  defined  as  J^a  =  {k,  r,  s}.  Now  we  look  at  each  node  in  iFa-  Node  k  has  C  =  {g,  h}, 
^[g]  =  05  U[h]  =  {f}.  Note  that  both  p  and  o  are  excluded  from  the  set  C,  because 
they  are  also  neighbors  of  the  sender.  Based  on  that,  we  have  that  Tk  =  {h}.  Node  s  has 
C  =  {6},  and  U[b]  =  {(,  t},  which  gives  us  =  {b}.  Node  r  has  C  =  {v,  m},  U[v\  =  0,  and 
U[w\  =0;  hence,  it  has  no  forwarders.  Node  h  has  no  forwarders,  because  the  only  candidate, 
node  i,  has  no  node  in  =  {^}  other  than  node  h  itself  (i.e.,  U[i]  =  0).  For  node  b, 

we  have  a  similar  situation,  where  both  candidates,  nodes  I  and  t,  lead  to  no  other  three-hop 
neighbor  (i.e.,  U[l]  =  U[t]  =  0);  hence,  it  has  no  forwarder. 
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Figure  4.4;  Building  a  TCDS  using  THR  Every  dominated  node  is  at  most  two  hops  from  a  dominating 
node 

4.1.2  Efficacy  of  THP 

This  section  evaluates  the  efficacy  with  which  THP  operates  relative  to  other  heuris¬ 
tics,  when  a  TCDS  is  preferred  over  a  CDS.  We  compare  THP  against  the  best-performing 
heuristics  reported  to  date,  namely  DP,  TDP,  EDP,  MPR,  CC-I  (with  2-hop  neighborhood 
information,  2-hop  routing  history,  and  node-degrees  as  priority  values),  and  an  approxima¬ 
tion  to  the  MCDS  problem.  With  the  exception  of  MCDS  (which  is  used  as  a  lower  bound 
for  comparison  purpose),  all  the  other  algorithms  require  the  information  about  the  two-hop 
neighborhood  of  nodes. 

There  is  a  clear  trade-off  between  efficiency  and  reliabilify;  fhaf  is,  fewer  nodes 
broadcasfing  reduces  confenfion  and  collision  of  packefs,  buf  if  may  also  reduce  fhe  chances 
of  all  nodes  in  fhe  nefwork  receiving  fhe  broadcasf  packef.  Therefore,  fhe  reliabilify  of  fhe 
MAC  profocol  is  expecfed  fo  affecf  fhe  performance  of  any  such  broadcasfing  algorifhms. 
To  focus  on  fhe  efficiency  of  fhe  heurisfics  fhemselves,  we  use  a  cusfomized  simulafor  and 
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g  h  g  h 


Figure  4.5:  DP  (a)  versus  MPR  (b) 

assume  an  ideal  MAC  protocol  with  which  no  collisions  can  occur.  This  is  the  same  approach 
adopted  in  [15, 37, 68, 69]  to  compare  the  efficacy  of  heuristics. 

DP  is  a  distributed  algorithm  that  determines  a  set  cover  based  on  the  knowledge 
of  the  two-hop  neighborhood.  DP  uses  the  greedy  set  cover  (GSC)  algorithm  to  compute  the 
forwarder  list  of  a  packet.  GSC  recursively  chooses  one-hop  neighbors  that  cover  the  most 
two-hop  neighbors,  repeating  the  process  until  all  two-hop  neighbors  are  covered. 

Like  DP,  MPR  also  applies  GSC  in  the  selection  of  dominating  nodes.  However, 
MPR  first  chooses  as  forwarders  those  candidates  that  have  exclusive  coverage  of  some  two- 
hop  neighbor,  and  only  then  apply  GSC  over  the  remaining  nodes.  Fig.  4.5  shows  an  example 
illustrating  the  benefits  of  this  approach  over  standard  DP.  With  standard  DP,  node  a  in  Fig.  4.5 
can  start  choosing  any  one  of  its  neighbors,  because  they  all  have  the  same  coverage  area  (i.e., 
two  nodes,  excluding  node  a  and  the  one -hop  neighbors  of  a  ).  Therefore,  with  standard  DP 
node  a  could  choose  node  c  as  a  forwarder  first,  and  in  this  case  it  would  be  forced  to  select  its 
other  two  neighbors,  because  node  b  is  the  only  neighbor  covering  node  e,  and  node  d  is  the 
only  neighbor  covering  node  /.  In  the  MPR  approach,  nodes  b  and  d  must  be  selected  first, 
and  in  this  case  node  c  is  not  chosen,  because  nodes  b  and  d  cover  all  the  two-hop  nodes. 
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TDP  [37]  requires  that  the  two-hop  neighborhood  of  the  sender  be  piggy-baeked  in 


the  header  of  the  paeket.  This  information  reduees  the  size  of  the  two-hop  neighbor  set  that 
needs  to  be  eovered  by  the  forwarders.  The  header  size  inereases  proportionally  to  the  number 
of  nodes  in  the  two-hop  neighborhood,  which  may  become  a  problem  in  dense  networks. 
PDF  [37]  enhances  DP  by  eliminating  the  two-hop  nodes  advertised  by  a  neighbor  shared  by 
both  the  sender  and  the  receiver  (forwarder).  EDP  [50]  requires  the  second-to-previous  (STP) 
forwarder  list  in  addition  to  the  forwarder  list,  reducing  the  number  of  forwarders  compared 
to  DP. 

In  CC-I  (dynamic),  a  node  n*  does  not  broadcast  the  packet  if  for  any  two  neighbors 
rij  and  n^,  there  is  a  path  connecting  them  via  several  intermediate  nodes  with  either  higher 
priority  values  (e.g.,  node  degree,  node  IDs)  than  node  rii,  or  with  visited  node  status  (i.e.,  the 
h  most  recently  visited  nodes  are  included  in  the  packet  header). 

Because  the  MCDS  problem  is  an  NP-complete  problem,  we  use  an  approximation 
algorithm  as  a  lower  bound  for  the  MCDS  problem  when  comparing  against  the  other  algo¬ 
rithms.  The  algorithm  used  is  based  on  the  solution  provided  by  Cuba  and  Khuller  [22].  This 
algorithm  runs  in  polynomial  time  and  achieves  an  approximation  factor  of  0(77  (d)),  where 
d  is  the  maximum  degree,  and  H{d)  is  the  harmonic  number  (i.e.,  77(d)  =  1/^)- 

Nevertheless,  this  algorithm  is  not  suitable  for  wireless  ad-hoc  networks,  because  it  requires 
the  knowledge  of  the  whole  network  topology.  The  approximation  algorithm  used  in  [37]  is 
not  a  good  approximation  because  it  uses  a  scanning  rule  that  fails  in  some  circumstances 
according  to  Cuba  and  Khuller  [22]. 

For  the  simulations,  we  vary  the  network  size  (i.e.,  number  of  nodes  and  terrain 
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Table  4.1:  Terrain  Size  (in  meters) 


^  of  nodes 

Configuration  1 

Configuration  2 

20 

499  X  499 

400  X  400 

30 

612x612 

489  X  489 

40 

707  X  707 

565  X  565 

50 

790  X  790 

632  X  632 

60 

866  X  866 

692  X  692 

70 

935  X  935 

748  X  748 

80 

999  X  999 

800  X  800 

90 

1060  X  1060 

848  X  848 

100 

1118x  1118 

894  X  894 

110 

1172x  1172 

938  x938 

120 

1224  X  1224 

979  X  979 

130 

1274  X  1274 

1019 X 1019 

140 

1322 X 1322 

1058  X  1058 

150 

1369 X 1369 

1095  X  1095 

160 

1414 X 1414 

1131 X 1131 

170 

1457  X  1457 

1 166 X 1166 

180 

1500  X  1500 

1200  X  1200 

190 

1541 X 1541 

1232 X 1232 

200 

1581 X 1581 

1264  X  1264 

size)  and  measure  the  total  number  of  forwarders  for  flooding  the  whole  network.  For  eaeh 
eonfiguration  (i.e.,  number  of  nodes  and  terrain  size)  we  obtain  the  value  for  the  metries  for 
500  arbitrary  networks  (nodes  are  randomly  plaeed  over  the  terrain,  and  eonneetivity  is  tested 
to  ensure  that  the  network  is  eonneeted).  Results  represent  the  average  over  the  500  different 
networks.  The  network  size  is  varied  from  20  nodes  to  200  nodes.  For  the  same  number 
of  nodes,  we  vary  the  terrain  size  aeeording  to  two  eonfigurations  so  that  we  ean  test  the 
algorithms  for  different  node  density  (see  Table  4.1).  Configuration  1  has  a  node  density  of 
80  nodes/Zcm^,  and  Configuration  2  has  125  nodes/fem^.  For  both  eonfigurations  the  radio 
range  is  set  to  250m;  eonsequently  we  have  that  nodes  in  Configuration  2  have,  in  average, 
larger  node  degree  than  nodes  in  Configuration  1. 
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Table  4.2:  THP  using  DP  versus  77/P  using  MPR:  number  of  forwarders  (average  ±  standard  devia¬ 
tion) 


^  of  nodes 

THP  using  DP  (average  ±  std) 

THP  using  MPR  (average  ±  std) 

20 

2.102  ±0.066 

2.094  ±  0.066 

30 

4.356  ±  0.085 

4.324  ±  0.084 

40 

6.978  ±  0.096 

6.932  ±  0.096 

50 

9.928  ±0.118 

9.888  ±0.116 

60 

12.884  ±0.127 

12.814  ±0.128 

70 

16.226  ±0.146 

16.15  ±0.145 

80 

19.474  ±0.154 

19.4  ±0.153 

90 

22.706  ±0.165 

22.578  ±0.166 

100 

26.3  ±0.187 

26.198  ±0.184 

110 

30.104  ±0.188 

30.022  ±0.186 

120 

33.576  ±  0.21 

33.426  ±  0.209 

130 

37.468  ±  0.212 

37.344  ±  0.209 

140 

40.882  ±  0.23 

40.664  ±  0.228 

150 

44.654  ±  0.23 

44.516  ±0.23 

160 

48.978  ±  0.249 

48.826  ±0.248 

170 

52.438  ±  0.249 

52.278  ±  0.25 

180 

56.156  ±0.260 

55.98  ±  0.259 

190 

60.584  ±  0.291 

60.306  ±  0.293 

200 

64.256  ±  0.304 

64.014  ±  0.304 

Because  THP  prunes  over  the  one-hop  dominating  lists  advertised  by  the  one-hop 
neighbors,  computing  the  one-hop  dominating  lists  using  MPR  instead  of  DP  does  not  add 
much  power  to  THP  Table  4.2  shows  the  results  for  THP  (Configuration  1)  based  on  DP  and 
based  on  MPR.  As  we  can  see,  there  is  a  marginal  difference  between  THP  with  DP  and  THP 
with  MPR. 

Configuration  1 

Figure  4.6  presents  the  total  number  of  forwarders  for  the  six  broadcasting  algo¬ 
rithms.  Because  in  THP  nodes  are  at  most  two-hop  away  from  a  node  in  the  TCDS,  we 
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Configuration  1 


Figure  4.6;  Configuration  1 :  average  number  of  forwarders  varying  the  number  of  nodes 


have  situations  (e.g.,  small  network  sizes,  20  to  50  nodes)  where  THP  produees  a  TCDS  with 
smaller  number  of  nodes  than  a  CDS  in  MCDS.  Anyway,  MCDS  is  used  as  the  referenee  to 
the  best  possible  results  for  ealeulating  the  DS  (but  not  feasible  beeause  we  do  not  want  to 
require  the  nodes  in  the  wireless  network  to  keep  fresh  information  about  the  whole  network 
topology).  As  expeeted,  TDP  improves  DP  for  all  network  sizes,  but  it  is  more  notieeable  for 
larger  networks  (i.e.,  100  nodes  or  more).  EDP  and  TDP  present  similar  results,  with  TDP  per¬ 
forming  slightly  better  for  some  network  sizes.  MPR  performs  better  than  DP,  TDP,  and  EDP, 
for  networks  larger  than  140  nodes.  We  notiee  that  CC-I  starts  performing  better  than  TDP 
only  for  larger  networks  (i.e.,  140  nodes  or  more).  In  all  eireumstanees,  THP  outperforms  the 
other  distributed  approaehes. 
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Configuration  2 


Figure  4.7;  Configuration  2:  average  number  of  forwarders  varying  the  number  of  nodes 


Configuration  2 

The  networks  in  Configuration  2  are  denser  (i.e.,  larger  node  degree)  than  the  net¬ 
works  in  Configuration  1.  Figure  4.7  shows  the  average  number  of  forwarders  for  all  broadeast 
algorithms.  The  differenee  between  DP  and  TDP  is  more  notieeable,  beeause  the  networks 
are  denser  it  pays  off  to  have  the  two-hop  neighborhood  of  the  sender  (i.e.,  in  TDP)  when  eal- 
eulating  the  set  to  be  eovered.  EDP  and  TDP  present  similar  results,  but  unlike  in  the  previous 
eonfiguration,  EDP  performs  better  for  networks  with  more  than  130  nodes.  TDP  performs 
better  than  CC-I  for  networks  smaller  than  120  nodes.  MPR  starts  performing  better  than  DP, 
TDP,  and  EDP,  for  networks  larger  than  130  nodes.  But  the  differenee  between  MPR  and  the 
other  DP  variants  is  more  notieeable  eompared  to  the  previous  eonfiguration.  Eor  all  network 
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sizes,  THP  performs  better  than  the  other  distributed  broadcast  algorithms.  We  also  notice  that 


THP  performs  better  than  MCDS  for  networks  with  70  or  fewer  nodes.  Once  again,  this  par¬ 
ticular  behavior  takes  place  because  THP  builds  a  TCDS  instead  of  a  CDS,  and  fewer  nodes 
exist  in  the  TCDS  than  in  the  CDS,  especially  for  dense  an  small  networks.  The  difference 
between  THP  and  CC-I  is  more  accentuated  than  in  Configuration  1  for  all  the  network  sizes 
tested.  This  shows  that  the  performance  improvements  attained  with  THP  increases  as  the 
network  gets  denser. 

4.1.3  Using  THP  for  Route  Discovery 

THP  can  be  applied  to  any  type  of  broadcast  operation  that  can  take  advantage 
of  TCDS.  One  such  operation  is  the  dissemination  of  route  requests  (RREQ)  in  the  route 
discovery  process  of  on-demand  routing  protocols.  For  the  purpose  of  discovering  a  route 
to  a  destination,  it  suffices  fhaf  fhe  RREQ  reaches  fhose  nodes  wifh  a  roufe  fo  fhe  desired 
desfinafion.  There  are  fwo  cases  fo  consider  in  ferms  of  how  THP  can  be  used  in  fhis  confexf. 

If  routes  fo  fwo-hop  neighbors  are  mainfained  pro-aclively,  fhen  a  node  fhaf  is  one 
or  fwo  hops  away  from  fhe  desfinafion  can  reply  fo  fhe  RREQ  direcfly. 

On  fhe  ofher  hand,  if  roufes  fo  fwo-hop  neighbors  are  nof  available  pro-aclively,  fhen 
a  RREQ  can  be  propagated  in  a  number  of  ways  once  if  reaches  a  node  fhaf  is  fwo  hops  away 
from  fhe  destination.  The  RREQ  can  be  relayed  using  fhe  expanding  ring  search  wifh  TTE  sef 
fo  2.  Allernafively,  a  node  can  compute  forwarders  wifhin  fhe  fwo-hop  neighborhood  using  a 
dominaling  sef  lechnique  differenl  lhan  THP  (e.g.,  DP). 

To  sludy  fhe  impacl  of  THP  on  fhe  roufe  discovery  process,  we  implemented  THP 
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as  the  basis  for  deciding  which  nodes  should  broadcast  RREQ  messages  in  the  route  discovery 


process  of  AODV.  We  named  the  resulting  protocol  AODV-THP,  and  implemented  it  in  Qual- 
net  [1].  To  compare  AODV-THP  against  AODV,  we  use  traffic  and  mobility  models  similar  to 
those  previously  reported  for  the  performance  of  AODV  [46]. 

To  address  reliability,  we  used  two  versions  of  AODV-THP  First,  AODV-THP  im¬ 
plements  THP  as  described  previously.  Second,  we  increase  the  coverage  requirement  of  DP 
when  computing  the  one-hop  dominating  list  advertised  in  the  HELLO  messages  (i.e.,  Di.hop 
).  Instead  of  requiring  at  least  one  dominating  node  (forwarder)  per  two-hop  neighbor,  ev¬ 
ery  two-hop  neighbor  is  covered  by  at  least  two  forwarders  (except  when  just  one  one-hop 
neighbor  covers  a  two-hop  node).  This  increases  the  chances  that  a  two-hop  neighbor  receives 
a  RREQ.  This  second  variant  is  referenced  as  AODV-THP  two-cover.  The  two  variants  of 
AODV-THP  and  AODV  are  tested  with  HELLO  messages  sent  at  a  rate  of  Is  and  2s.  For 
AODV,  we  also  present  results  without  the  use  of  HELLO  messages. 

AODV-THP  would  certainly  incur  much  less  overhead  if  it  worked  over  a  MAC 
protocol  that  exchanged  the  neighbor  and  forwarder  information  that  we  assume  is  exchanged 
as  part  of  the  routing  protocol  itself. 

Experiments  are  repeated  for  10  trials  with  different  random-number  seeds,  traffic 
endpoinfs,  and  topologies.  Topology  and  Iraffic  pafferns  are  fixed  using  off-line  generafed 
mobilify  and  packef  generation  scripfs.  This  means  fhaf  all  profocols  are  compared  having 
idenfical  node  mobilify  and  fraffic  demands.  Each  dafa  poinf  represenfs  fhe  average  of  fhe  10 
frials. 

Four  performance  mefrics  are  evaluafed: 
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•  Packet  delivery  ratio,  the  ratio  of  the  data  paekets  delivered  to  the  destination  to  those 


generated  by  the  CBR  sourees. 

•  Average  end-to-end  delay  for  data  paekets,  ineluding  all  possible  delays  eaused  by  route 
diseovery  lateney,  queuing  at  the  interfaee,  retransmission  delays  at  the  MAC  layer,  and 
propagation  and  transfer  times. 

•  Normalized  routing  load,  the  number  of  routing  paekets  transmitted  per  data  paeket 
delivered  to  the  destination,  where  eaeh  hop  traversed  by  the  paeket  is  eounted  as  one 
transmission. 

•  MAC  collisions,  the  number  of  eollisions  deteeted  at  the  MAC  layer. 

Table  4.3  presents  the  set  of  parameters  used  in  the  simulations.  The  network  is 
eomposed  of  50  nodes  spread  over  an  area  of  1500m  x  300m.  The  radio  model  used  is  a 
2Mbps  IEEE  802.11  deviee  with  a  nominal  transmission  range  of  280m.  Traffie  sourees  are 
eontinuous  bit  rate  (CBR).  Only  512-bytes  data  paekets  are  used.  The  souree-destination  pairs 
are  ehosen  randomly  among  the  nodes  in  the  network.  Elows  last  in  average  for  30s  (following 
an  exponential  distribution).  Souree  nodes  keep  aetive  flows  during  all  simulation  time  (new 
destinations  are  randomly  seleeted  as  needed).  During  the  simulation  time,  an  average  of 
580  flows  are  initiated,  and  at  any  given  time  there  are  at  least  30  aetive  flows.  Nodes  begin 
transmitting  at  50s  plus  an  offset  uniformly  ehosen  over  a  5s  period  to  avoid  synehronization 
in  their  initial  transmissions.  The  simulation  time  is  set  to  600  seeonds,  and  identieal  mobility 
and  traffie  seenarios  are  used  for  all  protoeols.  Nodes  are  plaeed  uniformly  over  a  grid  initially. 
Nodes  move  aeeording  to  the  random  way -point  model  with  veloeities  between  1  and  20m/s. 
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Table  4.3;  Set  of  parameters  used  in  the  simulations  of  AODV-THP 


Number  of  nodes 

50 

Terrain  size 

1500m  X  300m 

Dafa  rafe 

2  Mbps 

Radio  range 

280m  for  sfandard  THP,  and  250m  for  enhanced 
THP 

MAC  profocol 

IEEE  802.11 

Dafa  fraffic,  packef  size 

CBR,  packefs  of  512  bytes 

Number  of  flows,  and  durafion 

30  active  flows,  lasting  in  average  for  30s  (exponen- 
fial  disfribufion);  in  average  580  flows  are  creafed 
during  fhe  simulafion  fime. 

Mobilify  model 

random  way-poinf  (velocities  befween  1  and  20m/s) 

Pause  times 

Os  (always  moving),  50s,  100s,  300s,  400s,  and 
600s  (sfafic) 

Simulafion  fime 

600s 

Six  pause  times  are  tested:  Os  (always  moving),  50s,  100s,  300s,  400s,  and  600s. 

Figure  4.8  presents  the  paeket  delivery  ratio  results.  As  expeeted,  AODV-THP  does 
not  perform  very  well  in  seenarios  with  frequent  topology  ehanges.  One  of  the  main  reasons 
is  that  it  is  more  diffieult  to  get  an  aeeurate  view  of  the  loeal  topology  when  it  ehanges  more 
frequently.  As  we  inerease  the  rate  of  HELLO  messages  (i.e.,  AODV-THP:  Is  hello),  THP 
improves  its  performanee  beeause,  even  though  we  are  introdueing  more  broadcast  transmis¬ 
sions,  nodes  respond  to  topology  changes  faster.  AODV-THP  with  HELLOs  sent  every  Is 
starts  performing  better  than  AODV  at  300s  pause  time.  When  we  increase  the  DP  coverage 
from  one  to  two  dominating  nodes  (i.e.,  AODV-THP:  2  cover),  we  observe  that  the  extra  re¬ 
dundancy  benefits  the  protocol  in  all  situations,  but  specially  for  the  high  mobility  scenarios. 
Here  we  can  see  the  trade-off  that  exists  between  efficiency  and  reliabilify,  and  ifs  relation  wifh 
redundancy  in  broadcasf  fransmission.  Lor  low  mobilify  scenarios,  if  pays  off  fo  fake  advan- 
fage  of  a  more  accurafe  view  of  fhe  local  topology  when  making  decisions  abouf  which  node 
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Pause  time  (in  seconds) 


Figure  4.8;  50  nodes,  30  active  flows  (average  of  580  total  flows):  Packet  delivery  ratio 


should  broadcast  a  packet.  For  high  mobility  scenarios,  THP  using  a  2  cover  (i.e.,  AODV- 
THP:  2  cover)  increases  the  delivery  ratio  by  about  10%  compared  to  the  worst  variant  of 
THP 

Figure  4.9  presents  the  average  end-to-end  delay  results.  Given  that  approximately 
580  flows  are  initiated  during  the  simulation  time,  we  observe  that  the  large  number  of  redun¬ 
dant  broadcast  transmissions  (i.e.,  due  to  the  route  discovery  process)  affect  the  end-to-end 
delay  in  AODV.  As  shown  previously,  THP  prunes  more  redundant  broadcast  transmissions 
than  any  other  localized  broadcast  algorithm,  and  we  can  see  here  how  it  reflects  in  the  overall 
performance  of  an  on-demand  routing  protocol.  The  periodicity  of  HELLO  messages  reflect 
on  the  end-to-end  delay  as  well.  Lor  THP,  nodes  keep  a  more  accurate  view  of  the  local  topol- 


78 


2 


1.8  - 

1.6  - 

«  1.4  - 

C 

o 

o 

O  i  o 
CO  1.2  - 

c 

>. 

iS  1  - 
0) 

■a 

■a 

§  0.8  - 
o 

S  0.6  - 

0.4  - 

0.2  - 

0  - 


AODV-THP:  2  Cover  •  '  i 
AODV-THP:  2s  hello 
AODV-THP:  Is  hello 

AODV  -  2s  hello  :  □  i 
AODV  -  Is  hello  ^  j 
AODV  -  no  hellos  ^ -A  - 1 


#0^ 


*oy 


— I — 

0  s 


^0? 


iQv 


— I - 1 - 

1 00  s  300  s 

Pause  time  (In  seconds) 


50  s 


400  s 


600  s 


Figure  4.9:  50  nodes,  30  flows  (average  of  580  total  flows):  average  end-to-end  delay 


ogy  when  HELLO  messages  are  transmitted  every  Is.  In  this  ease,  more  paekets  are  delivered, 
but  they  are  also  delivered  faster.  THP  with  2  cover  redundaney  (with  hellos  transmitted  every 
Is  HELLO)  presents  a  slightly  larger  average  delay  but  it  also  delivers  more  paekets  for  all 
pause-time  values.  Lor  AODV,  the  frequeney  of  HELLO  transmissions  do  not  affeet  mueh  the 
end-to-end  delay  in  sueh  a  seenario  with  a  large  number  of  flows.  Together  with  the  previous 
results  for  the  delivery  ratio,  we  ean  see  that  the  reduetion  of  redundant  broadeast  transmis¬ 
sions  translate  in  a  better  and  faster  response  to  the  route  diseovery  proeess;  eonsequently, 
more  paekets  are  delivered  at  a  smaller  eost. 

Ligure  4.10  shows  the  normalized  routing  load  results  (with  respeet  to  data  paekets 
delivered  at  the  destination).  All  the  THP  variants  present  a  mueh  smaller  overhead  than 


79 


Figure  4.10;  50  nodes,  30  flows  (average  of  580  total  flows):  normalized  routing  load 


AODV,  because  of  the  reduction  on  the  number  of  redundant  broadcast  transmissions.  As  for 
the  impact  of  the  periodicity  of  HELLO  messages,  we  observe  slightly  more  control  overhead 
in  AODV  when  HELLO  messages  are  sent  every  Is,  compared  to  the  two  other  variants. 
AODV  without  HELLOs,  performs  just  slightly  better  than  AODV  with  2s  HELLOs  in  terms 
of  control  overhead,  delivery  ratio,  and  end-to-end  delay. 

Ligure  4.11  presents  the  results  for  the  number  of  packet  collisions.  AODV  with 
and  without  HELLOs  attains  similar  results,  showing  that  the  increase  in  collisions  is  not 
due  to  the  introduction  of  HELLO  messages.  The  extra  redundancy  of  RREQ  transmissions 
is  what  results  in  more  contention  and  collisions.  As  for  AODV-THR  we  observe  that  the 
periodicity  of  HELLO  messages  has  a  direct  impact  on  the  number  of  collisions,  and  that  is 
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Figure  4.11;  50  nodes,  30  flows  (average  of  580  total  flows):  number  of  MAC  collisions 


because  we  reduce  significantly  the  number  of  redundant  broadcast,  such  that  the  introduction 
of  any  extra  broadcast  transmissions  (i.e.,  HELLO  messages)  reflects  in  more  contention  and 
collisions  in  the  network.  Considering  all  the  previous  results,  THP  is  shown  to  improve 
AODV  performance  in  all  aspects  for  scenarios  with  low  mohility  (i.e.,  pause  time  larger  than 
100s). 


4.2  Three-Hop  Horizon  Enhanced  Pruning  (THEP) 


Because  techniques  such  as  THP  rely  on  an  accurate  view  of  the  two-hop  neighbor¬ 
hood,  it  is  expected  not  to  perform  well  under  high  mobility.  To  tackle  this  problem,  we  pro¬ 
pose  two  enhancements  to  THP,  and  name  the  new  algorithm  Three-Hop  Horizon  Enhanced 
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Pruning  (THEP). 


Neighbor  information  is  maintained  using  a  virtual  radio  range  (shorter  than  the 
physieal  radio  range):  rather  than  using  two  different  radio  ranges  (as  in  [70,71]),  we  use 
neighbor  loeation,  and  regard  as  neighbors  only  those  nodes  within  virtual  radio  range. 

To  eope  with  ehanges  in  the  loeal  topology,  information  provided  by  the  forwarder 
list  and  the  freshest  information  about  the  local  neighborhood  are  used  to  decide  if  the  node 
should  broadcast  the  packet  even  though  it  was  not  selected  as  a  forwarder  by  the  sender. 

With  this  two  enhancements,  we  expect  to  address  the  lack  of  reliability  in  the  pres¬ 
ence  of  high  mobility.  As  in  the  work  by  Wu  and  Dai  [70,71],  the  gap  between  the  virtual 
and  physical  ranges  constitutes  a  buffer  zone  in  which  neighbors  can  move  without  incurring 
loss  of  connectivity.  However,  our  approach  applies  just  one  transmission  power,  instead  of 
two  different  transmission  powers  [70,71].  Having  two  transmission  powers,  tmin  and  tmax 
(with  tmin  <  tmax).  Can  incur  additional  interference  compared  to  having  just  one  transmis¬ 
sion  power  t  <  tmax,  because  the  transmit  power  of  each  node  appears  as  interference  noise 
degrading  the  signal-to-noise  ratio  (SNR)  [9].  In  general,  the  greater  the  transmit  power  the 
higher  the  interference  to  other  nodes’  transmissions  and  receptions. 

Because  we  need  to  know  if  a  node  is  within  virtual  radio  range,  we  can  either  use 
node  location  information  (provided  by  GPS,  for  instance),  or  estimate  the  distance  to  the  node 
based  on  the  signal  strength  of  the  receiving  packet  [27].  In  the  first  case,  the  information  about 
the  node  location  should  be  piggy-backed  in  the  HELLO  message  along  with  the  neighbor  list. 
The  second  option  is  effective,  and  does  not  add  as  much  complexity  to  the  system  as  the  first 
one.  In  any  case,  the  exact  location  of  the  node  is  not  needed;  estimating  if  a  node  is  within 
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Figure  4.12:  (a)  When  computing  forwarders,  only  nodes  within  virtual  radio  range  (VR)  are  consid¬ 
ered  one-hop  neighbors,  (b)  Even  though  node  a  moved  out  virtual  range  it  is  still  within  radio  range 
(RR).  (c,d)  Node  b  moves  into  virtual  radio  range  of  node  S.  In  any  previous  HELLO  message  sent  by 
S,  node  b  was  not  in  the  advertised  list.  If  after  time  ti  node  S  receives  a  broadcast  for  which  it 

is  not  selected  as  a  forwarder,  and  if  no  selected  forwarder  is  covering  node  b  then  S  will  broadcast  the 
packet  anyway. 


virtual  radio  range  suffices.  For  the  purpose  of  simulations,  we  assume  that  nodes  exchange 
their  location  information  using  periodic  HELLO  messages. 

Ligure  4.12  (a,b)  shows  an  example  where  a  node,  first  within  virtual  range  (i.e., 
node  a),  moves  out  of  virtual  range  but  is  still  within  radio  range.  In  this  case,  even  though 
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node  a  is  no  longer  a  one-hop  neighbor  for  the  purpose  of  forwarding  eomputations,  it  is  still 


reaehable.  Figure  4.12  (e,d)  shows  an  example  where  a  new  node  (i.e.,  node  b)  moves  within 
virtual  radio  range.  If  node  S  later  on  (i.e.,  after  ti)  reeeives  a  broadeast  paeket  for  whieh  it  is 
not  listed  as  a  forwarder  (i.e.,  S  3  J^sender),  node  S  would  still  broadeast  the  paeket  in  ease 
node  b  beeomes  a  one-hop  dominating  node,  and  there  is  no  forwarder  in  T sender  covering 
node  b. 

Figure  4. 13  shows  the  pseudo-eode  for  THEP.  If  a  node  is  listed  in  the  forwarder  list 
(i.e.,  Ts,  available  from  the  paeket  header),  it  means  that  the  node  must  forward  the  paeket. 
If  that  is  not  the  case,  reeent  modifieations  to  the  loeal  topology  may  have  ehanged  the  one- 
hop  dominating  list,  and  it  may  be  different  from  the  list  used  by  the  sender  to  eompute  the 
forwarder  list.  To  eheek  that,  the  node  eomputes  the  one-hop  dominating  list  (i.e., 
advertised  in  periodie  HELLO  messages  and  used  to  eompute  the  THEP  forwarder  list).  If 
there  is  any  node  in  that  is  not  eovered  by  at  least  one  forwarder  in  IFs^  then  the  node 

should  relay  the  paeket  even  though  it  has  not  been  seleeted  as  a  forwarder  by  the  sender.  In 
other  words,  if  there  is  no  forwarder  in  Ts  covering  any  one-hop  dominating  node,  then  the 
broadeast  might  not  reaeh  the  segment  of  the  network  eonneeted  to  these  one-hop  dominating 
nodes. 

4.2.1  Using  THEP  for  Route  Discovery 

Similarly  to  AODV-THP,  we  have  applied  THEP  as  the  basis  for  deeiding  whieh 
nodes  should  broadeast  RREQ  messages  in  AODV.  The  new  protoeol  is  named  AODV-THER 
and  it  is  implemented  in  Qualnet  [1].  To  address  reliability,  instead  of  requiring  at  least  one 
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Figure  4.13:  THEP 


Data:  S  (sender),  !Fs  (sender’s  forwarder  list),  for  all  k  G 

Result:  !Fi,  the  forwarder  list  (if  empty,  do  not  broadcast) 

begin 

Broadcast  =  True 

if  rii  9  Ts  then 

Broadcast  =  False 

/*  compute  the  one-hop  dominating  list  using  the 

most  up-to-date  neighborhood  information  */ 

^i-hop  ^  DP{N^) 

fornfe  G  do 

/*  If  there  is  any  one-hop  dominating  node  that 
is  not  covered  by  a  node  in  Fg  then  broadcast 

*/ 

lf$  ni  G  Fs  I  rii  G  Broadcast  =  True 
[_  Break 

if  Broadcast  then 

C< —  Nl-  iVf 

/*  Select  for  each  candidate  one-hop  dominating 
nodes  other  than  one-hop  neighbors  and  the  node 
itself  */ 

for  Ufe  G  C  do 

U[k]< — 0 


for  m  G  Dl.  do 


^  ^1-hop  ' 

ifn,  i  {Nl 
L  U[k]  ^ 


-  rii)  then 
U[k]  +  {ni} 


/*  Exclude  one-hop  dominating  nodes  covered  by 
another  candidate  in  C 

for  nfe  G  C  do 


for  rim  G  ld[k]  do 

if  3  {m  Irik)  G  C  I  n, 
U[k]  < —  U[k]  —  n„ 
itU[k]  ==  0  then 

L  C  < —  C  -  Ilk 


G  N[  then 


/*  For  every  node  rik  G  C ,  and  for  every  nmGU[k], 
there  is  no  other  ni  G  C  such  that  nmGU[V\} 
therefore,  all  nodes  in  C  are  forwarders. 

_  F,^C 

return  Fi 
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dominating  node  per  two-hop  neighbor  (when  eomputing  the  one-hop  dominating  list),  every 


two-hop  neighbor  is  eovered  by  at  least  two  one-hop  nodes  (if  possible).  This  way,  it  inereases 
the  ehanee  that  a  two-hop  node  reeeives  a  RREQ. 

Routes  to  one-hop  neighbors  are  kept  as  in  standard  AODV  (i.e.,  nodes  within  phys- 
ieal  radio  range).  Upon  reeeiving  a  HELLO  message,  nodes  update  the  route  to  the  node 
sending  the  paeket.  The  neighbor  list  advertised  in  the  HELLO  message  eontains  only  the 
neighbors  within  virtual  radio  range,  and  the  Z?i-hop  list  is  also  eomputed  using  the  virtual 
neighbor  list. 

Nodes  relaying  a  RREQ  paeket,  first  eompute  the  THEP  forwarder  list,  update  the 
RREQ  header,  and  only  then  broadeast  the  paeket.  As  in  standard  AODV,  eventually  the 
RREQ  reaehes  a  node  with  a  valid  route  to  the  destination,  or  the  destination  itself  (eonsidering 
the  network  is  eonneeted).  Beeause  fewer  nodes  relay  the  same  RREQ  paeket,  we  expeet  less 
eontention  and  fewer  eollision  of  paekets,  as  well  as  a  smaller  end-to-end  delay,  beeause  the 
RREQ  message  propagates  faster. 

Simulation  Results 

The  network  is  eomposed  of  50  nodes  spread  over  an  area  of  1500m  x  300m.  The 
radio  model  used  is  a  2Mbps  IEEE  802.11  deviee  with  a  nominal  transmission  range  of  250m. 
Transmissions  are  omni-direetional,  and  reeeptions  are  direetional  (this  inereases  spatial  reuse 
[65]).  Traffie  sourees  are  eontinuous  bit  rate  (CBR).  Only  512-bytes  data  paekets  are  used. 
The  souree-destination  pairs  are  ehosen  randomly  among  the  nodes  in  the  network.  Elows 
last  for  30s  in  average  following  an  exponential  distribution.  Souree  nodes  keep  aetive  flows 
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during  the  entire  simulation  time  (new  destinations  are  randomly  selected  as  needed).  During 


the  simulation  time,  an  average  of  580  flows  are  initiated,  and  at  any  given  time  there  are 
30  active  flows.  Nodes  begin  transmitting  at  50s  plus  an  offset  uniformly  chosen  over  a  5s 
period  to  avoid  synchronization  in  their  initial  transmissions.  The  simulation  time  is  set  to  600 
seconds,  and  identical  mobility  and  traffic  scenarios  are  used  for  all  protocols.  Initially  nodes 
are  placed  uniformly  over  a  grid.  Nodes  move  according  to  the  random  way-point  model  with 
velocities  between  1  and  20m/s.  Six  pause  times  are  tested:  Os  (always  moving),  50s,  100s, 
300s,  400s,  and  600s. 

Experiments  are  repeated  for  10  trials  with  different  random  number  seeds,  traffic 
endpoints,  and  topologies.  The  topology  and  traffic  pattern  are  fixed  using  off-line  generated 
mobility  and  packet  generation  scripts.  This  means  that  all  protocols  are  compared  having 
identical  node  mobility  and  traffic  demands.  Each  data  point  represents  the  average  of  the  10 
trials. 

To  evaluate  the  impact  of  the  two  enhancements,  we  run  simulations  for  different 
virtual  radio  ranges.  The  following  list  summarizes  all  variants  under  consideration:  AODV- 
THEP  1  .OR,  with  virtual  range  and  radio  range  the  same  (this  way  we  can  see  the  impact  of  the 
second  enhancement  alone);  AODV-THEP  0.85R,  with  virtual  range  set  to  85%  of  the  radio 
range;  AODV-THEP  0.75R,  with  virtual  range  set  to  75%  of  the  radio  range;  AODV-THR 
AODV  with  standard  THP;  and  AODV  with  and  without  HEEEO  messages. 

Eigure  4.14  presents  the  packet  delivery  ratio  results.  As  expected,  AODV- THP 
does  not  perform  very  well  in  scenarios  with  frequent  topology  changes.  One  of  the  main 
reasons  is  that  it  is  more  difficult  to  get  an  accurate  view  of  the  local  topology  when  it  changes 
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Figure  4.14;  50  nodes,  30  flows:  packet  delivery  ratio 


frequently.  For  statie  networks,  AODV-THP  delivers  around  10%  more  paekets  eompared  to 
AODV.  AODV-THEP  1  .OR  shows  the  improvement  due  to  the  seeond  enhaneement  by  itself. 
It  shows  that  it  helps  to  eompare  any  reeent  ehanges  to  the  loeal  topology  to  eheek  if  the 
sender  is  using  any  stale  information  (i.e.,  the  last  advertised  one-hop  dominating  list  may  not 
inelude  some  new  one-hop  dominating  node)  when  eomputing  the  list  of  forwarders  (i.e.,  T). 
AODV-THEP  l.OR  starts  performing  better  than  AODV  as  mobility  deereases  (i.e.,  from  300s 
pause  time  and  on),  and  it  has  the  best  results  for  statie  networks.  Even  though  the  topology 
aetually  does  not  ehange,  beeause  of  transient  link  failures,  and  inereased  eontention,  the 
seeond  enhaneement  helps  to  eope  with  transient  ehanges  to  the  loeal  topology. 

When  mobility  is  present,  the  two  proposed  enhaneements  to  THP  operating  to- 
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Pause  time  (in  seconds) 

Figure  4.15;  50  nodes,  30  flows:  average  end-to-end  delay 


gether  improve  the  performanee  of  AODV  in  all  eireumstanees.  The  results  show  that  a  VR  of 
0.85RR  is  better  than  0.75RR  for  the  seenarios  under  eonsideration.  This  means  that  a  buffer 
zone  of  0.15RR  is  enough  to  reaeh  nodes  moving  out  of  the  virtual  range,  and  that  it  is  better 
to  keep  more  nodes  within  the  VR  when  eomputing  the  forwarder  list. 

Figure  4.15  presents  the  average  end-to-end  delay  results.  Beeause  around  580  flows 
are  initiated  during  the  simulation  time,  we  observe  that  the  large  number  of  redundant  RREQ 
transmissions  affeet  the  end-to-end  delay  in  AODV.  AODV  ineurs  twiee  to  three  times  as 
mueh  delay  than  any  other  variant.  So,  it  pays  off  pruning  redundant  broadeast  transmissions, 
beeause  it  reduees  eontention.  The  two  enhaneements  proved  to  be  effeetive  in  redueing  delay, 
while  sustaining  a  high  delivery  ratio.  The  extra  eontrol  overhead  introdueed  by  periodie 
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HELLO  messages  in  AODV  does  not  have  much  impact  on  the  end-to-end  delay,  because 


most  of  the  routing  load  comes  from  RREQ  transmissions.  Together  with  the  previous  results 
for  the  delivery  ratio,  we  can  see  that  the  reduction  of  redundant  broadcast  transmissions 
translate  in  a  faster  response  to  the  route  discovery  process,  which  results  in  more  packets 
being  delivered  at  a  smaller  signaling  cost. 

Ligure  4.16  shows  the  normalized  routing  overhead  results.  All  the  THEP  variants 
present  a  much  smaller  overhead  than  AODV,  because  of  the  reduction  on  the  number  of 
redundant  broadcast  transmissions.  As  for  the  impact  of  the  HELLO  messages,  we  observe 
slightly  more  control  overhead  in  AODV  when  HELLO  messages  are  present.  Lor  static 
networks,  AODV-THP  presents  the  most  cost-effective  performance;  its  delivery  ratio  is  the 
second,  and  it  has  the  smallest  end-to-end  delay  and  control  overhead.  On  the  other  hand, 
AODV- THEP  shows  better  performance  than  the  other  protocols  in  high  mobility  scenarios. 

Ligure  4.17  presents  the  results  for  the  number  of  collisions  of  packets.  AODV  with 
and  without  HELLOs  presents  similar  results,  showing  that  the  introduction  of  HELLO  mes¬ 
sages  is  not  responsible  for  increasing  the  number  of  collision  of  packets.  On  the  contrary, 
the  redundancy  of  RREQ  transmissions  is  the  cause  for  more  contention  and  collisions.  Lor 
static  networks,  AODV-THP  presents  the  best  overall  performance  with  the  only  exception  of 
a  slightly  smaller  delivery  ratio  than  AODV-THEP  l.OR.  With  mobility,  even  though  the  new 
enhancements  incur  slightly  more  packet  collisions,  they  do  improve  the  overall  performance 
of  the  network  by  delivering  more  packets,  with  smaller  delays,  and  less  control  overhead. 
Because  there  is  a  clear  trade-off  between  efficiency  and  reliability,  the  two  enhancements  in¬ 
crease  the  reliability  at  the  cost  of  increasing  the  number  of  redundant  broadcast  transmissions 
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Figure  4.16:  50  nodes,  30  flows:  normalized  routing  overhead 

with  respect  to  THR 

4.3  Conclusions 

We  presented  THP,  a  loealized  algorithm  for  eomputing  two-hop  connected  domi¬ 
nating  sets  (TCDS).  In  a  TCDS,  all  nodes  in  the  network  are  at  most  two-hops  distant  from 
some  dominating  node.  We  showed  how  THP  ean  be  applied  to  the  route  diseovery  pro- 
eess  of  on-demand  routing  protoeols.  The  main  eontributions  of  THP  are  that  (a)  THP  is 
the  first  heuristie  to  take  into  aeeount  three-hop  information  in  the  seleetion  of  relay  nodes 
for  the  broadeasting  of  paekets,  while  ineurring  signaling  overhead  that  is  mueh  the  same  as 
that  of  heuristies  based  on  two-hop  information,  and  (b)  THP  reduees  the  number  of  redun- 
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Figure  4.17;  50  nodes,  30  flows:  number  of  MAC  collisions 

dant  broadcast  transmission.  We  show  through  extensive  simulations  that  THP  outperforms 
the  best-performing  self-pruning  and  neighbor-designated  algorithms  known  when  a  TCDS  is 
preferred  over  a  CDS. 

To  improve  the  route  discovery  process  of  on  demand  routing  protocols,  THP  is 
implemented  in  AODV  (the  new  variant  is  named  AODV-THP)  as  the  mechanism  for  dissem¬ 
inating  RREQ  messages.  The  first  simulation  results  show  that  THP  improves,  in  all  aspects, 
the  performance  of  AODV  in  low  mobility  scenarios.  We  also  show  how  to  increase  the  relia¬ 
bility  of  THP  (i.e.,  AODV-THP  2  cover)  by  using  double  coverage  instead  of  single  coverage 
when  computing  the  one-hop  dominating  list. 

To  address  the  lack  of  reliability  in  the  presence  of  high  mobility,  we  presented  the 
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Figure  4.17;  50  nodes,  30  flows:  number  of  MAC  collisions 
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Three-hop  Horizon  Enhanced  Pruning  (THEP).  First,  a  virtual  radio  range  (VR),  shorter  than 


the  physieal  radio  range  (RR),  is  used  for  gathering  information  about  the  two-hop  neighbor¬ 
hood.  Instead  of  using  two  different  transmission  powers,  whieh  ean  ineur  additional  interfer- 
enee,  we  use  a  single  transmission  power  while  still  managing  to  have  a  buffer  zone  in  whieh 
neighbors  ean  move  without  eompromising  network  eonneetivity.  Seeond,  upon  reeeiving  a 
broadeast  paeket,  the  forwarder  list  in  the  paeket  header  is  analyzed  together  with  the  eur- 
rent  information  about  the  loeal  neighborhood.  This  is  done  to  find  ineonsisteneies  between 
the  most  up-to-date  one-hop  dominating  list  and  the  one  used  by  the  sender  to  eompute  the 
sender’s  forwarder  list.  Changes  in  the  loeal  topology  may  have  impaeted  the  one-hop  dom¬ 
inating  list.  If  that  is  the  ease,  a  node  may  deeide  to  relay  a  broadeast  paeket  even  though  it 
was  not  seleeted  as  a  forwarder  by  the  sender. 

Extensive  simulation  results  show  that  AODV-THEP  attains  better  performanee  than 
AODV  for  all  mobility  seenarios  in  terms  of  delivery  ratio,  eontrol  overhead,  paeket  eollision, 
and  end-to-end  delay. 
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Chapter  5 


Bounded-Distance  Multi-Clusterhead 
Formation  in  MANETs 


In  mobile  ad  hoc  networks  (MANETs),  hierarchical  architectures  can  be  used  to  prolong  the 
network’s  lifetime  [6, 10,73],  attain  load  balancing  [8],  and  increase  network  scalability  [25, 
34].  Clustering  is  the  problem  of  building  a  hierarchy  among  nodes  [12].  The  substructures 
that  are  collapsed  in  higher  levels  are  called  clusters.  In  each  cluster,  at  least  one  node  may 
represent  the  cluster,  and  this  node  is  usually  called  a  cluster-head.  The  network  can  then 
be  abstracted  such  that  any  cluster-head  connects  to  another  cluster-head  whenever  there  is  at 
least  one  node  in  each  cluster  directly  connected  to  each  other. 

Clustering  usually  entails  the  computation  of  a  dominating  set  (DS)  of  the  network. 
The  domination  problem  seeks  to  determine  a  minimum  number  of  nodes  D  (called  domi¬ 
nating  nodes  or  cluster-heads),  such  that  any  node  i  not  in  D  is  adjacent  to  at  least  one  node 
in  D.  The  computation  of  a  DS  of  minimum  cardinality  for  arbitrary  graphs  is  known  to  be 
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NP-complete  [19]. 


A  variety  of  conditions  may  be  imposed  on  the  dominating  set  [24].  The  {k,  r)-DS 
problem  [31]  has  been  defined  as  the  problem  of  selecting  a  minimum  cardinality  vertex  set  D 
of  a  graph  G  =  (V,  E),  such  that  every  vertex  u  not  in  D  is  at  a  distance  smaller  than  or  equal 
to  r  {distance  domination)  from  at  least  k  {multiple  domination)  vertices  in  D.  The  problem  of 
computing  a  (/c,  r)-DS  of  minimum  cardinality  for  arbitrary  graphs  is  also  NP-complete  [31]. 

When  selecting  dominating  nodes,  redundancy  is  achieved  by  choosing  a  value  for 
the  parameter  k  greater  than  one.  At  the  same  time,  the  distance  parameter  r  allows  increas¬ 
ing  local  availability  by  reducing  the  distance  to  the  dominating  nodes.  Depending  on  the 
requirements,  problems  that  require  the  computation  of  a  DS  can  be  solved  by  setting  the  two 
dominating  parameters  appropriately. 

The  {k,  r)-DS  could  be  applied  to  solve  a  large  variety  of  problems,  of  which  we 
mention  three  below. 

Hierarchical  Routing:  By  grouping  clusters  into  super-clusters,  and  so  on,  an  m- 
level  hierarchical  clustering  [32]  structure  can  be  built.  Some  approaches  [62]  target  wired 
networks  assuming  that  the  predefined  hierarchical  address  of  each  node  reflecls  ifs  position 
wifhin  fhe  hierarchy.  During  fhe  early  days  of  packet  radio  networks  (PRNET’s),  hierarchical 
roufing  had  been  considered  for  reducing  fhe  roufing  cosf  and  improve  fhe  performance  of 
fhe  nefwork  [49].  In  MANETs,  group  mobilify  is  usually  assumed  when  deriving  hierarchi¬ 
cal  clusters  [43,44].  However,  none  of  fhe  exisfing  solufions  address  redundancy  wifhin  fhe 
hierarchical  sfrucfures.  Insfead  of  having  jusf  one  clusfer-head  represenfing  a  group  of  nodes, 
hierarchies  could  accounf  for  node  failures  by  deploying  multiple  clusfer-heads  wifhin  each 
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sub-structure  (i.e.,  domain).  Nodes  within  the  same  domain  would  have  alternate  access  points 


when  accessing  nodes  outside  their  own  domain,  and  adjacent  domains  could  be  connected 
among  each  other  through  alternate  paths.  Furthermore,  load  balancing  could  be  explored  by 
routing  packets  via  alternate  paths  connecting  any  pair  of  nodes. 

Core  Placement  in  Shared-Tree  Multicasting:  Instead  of  deploying  just  one  core 
per  multicast  group  (e.g.,  like  in  Core  Based  Trees  [5]),  multiple  cores  can  be  selected  within 
regions  of  variable  radius  in  the  network.  That  is,  multicast  members  have  the  choice  of 
joining  multiple  cores  within  a  maximum  distance.  More  than  one  core  provides  a  certain 
degree  of  fault-tolerance,  and  a  maximum  distance  to  the  cores  can  reduce  the  average  end- 
to-end  delay. 

Demand-Driven  Applications  in  Sensor  Networks  [2] :  Multiple  sinks  can  be  dis¬ 
tributed  in  a  sensor  network  to  provide  some  degree  of  fault-tolerance,  and  a  maximum  dis¬ 
tance  from  nodes  to  sinks  could  support  a  bounded  report  delay.  Sinks  could  also  be  organized 
in  a  multi-level  hierarchy,  where  sinks  aggregate  data  collected  from  their  domain,  and  trans¬ 
mit  it  to  a  higher  level  sink. 

We  propose  the  first  centralized  and  distributed  solutions  to  the  (A:,  r)-DS  problem 
for  arbitrary  network  topologies.  The  centralized  solution  provides  an  approximation  to  the 
optimal  solution,  and  is  used  as  a  lower  bound  when  evaluating  the  performance  of  the  dis¬ 
tributed  solution.  The  distributed  solution  is  applicable  to  ad  hoc  networks,  given  that  it  relies 
on  information  limited  to  the  neighborhoods  of  nodes. 
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5.1  (k,r) -Dominating  Sets:  Centralized  Solution  in  Arbitrary 


Graphs 

The  centralized  solution  presented  in  this  Section,  KR,  requires  that  the  entire  net¬ 
work  topology  be  known.  Hence,  if  the  solution  were  used  in  a  network,  the  network  topology 
would  have  to  be  broadcast,  and  the  dominating  set  computed  by  each  node  in  the  network 
would  be  the  same  for  any  node. 

5.1.1  Description 

Any  node  i  is  said  to  be  {k,  r)— dominated  (or  simply  dominated)  if  node  i  has  at 
least  k  neighbors  within  distance  r  m  D  (for  notation  refer  to  the  List  of  Notations). 

For  the  computation  of  a  DS  with  parameters  k  and  r,  the  Domin  value  of  node 
i,  i. Domin,  is  k  minus  the  number  of  nodes  in  D  within  distance  r  from  i  if  node  i  is  not 
covered  (or  dominated).  Once  node  i  has  been  dominated,  or  node  i  is  selected  as  dominating, 
its  Domin  is  set  equal  to  zero,  and  no  longer  changes  its  value.  The  total  value  of  node  i, 
i.total,  is  given  by  i.total  =  k-Domin. 

A  natural  greedy  solution  to  the  (A:,r)-DS  problem  would  be  to  repeatedly  select 
as  dominating  the  node  that  covers  the  most  number  of  uncovered  nodes  (i.e.,  nodes  not 
yet  (/c,  r)-dominated),  until  all  nodes  are  (A:,  r)-dominated.  However,  KR  applies  a  differ¬ 
ent  greedy  approach,  and  repeatedly  selects  as  dominating  the  node  with  the  current  largest 
total  value.  That  is,  KR  selects  as  dominating  the  node  that  covers  the  most  number  of  nodes 
with  fewer  dominating  nodes  (it  could  be  the  node  with  the  most  number  of  nodes  not  yet 
covered),  which  is  quantified  by  the  total  parameter  of  any  node.  This  way,  any  selected  node 
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i  potentially  affects  the  total  value  of  any  node  within  distance  2r  from  node  i.  On  the  other 


hand,  in  the  natural  greedy  approach,  any  selected  node  i  only  affects  the  coverage  of  nodes 
when  some  node  in  node  i’s  r-hop  neighborhood  gets  {k,  r)-covered.  That  is,  any  selected 
node  i  reduces  by  one  the  Domin  value  of  any  node  n  not  yet  covered  in  node  i’s  r-hop 
neighborhood,  but  it  does  not  reduce  by  more  than  one  unit  node  n’s  coverage  if  no  node  gets 
(/c,  r)-covered  other  than  node  i  itself.  For  multiple  domination  one  (i.e.,  k  =  1),  KR  is  equiv¬ 
alent  to  the  natural  greedy  approach  (i.e.,  the  first  time  any  node  i  gets  covered,  its  Domin 
value  becomes  zero). 

Figure  5.1  presents  a  pseudo-code  for  KR.  Initially,  Domin  is  set  equal  to  k  for  all 
nodes,  and  total  depends  on  the  number  of  nodes  in  the  r-hop  neighborhood  of  each  node. 
Nodes  are  inserted  in  a  Heap  structure  to  make  the  selection  of  the  node  with  the  largest  total 
value  easier.  At  the  beginning,  all  nodes  are  in  the  Heap,  and  while  there  are  nodes  in  the 
Heap,  there  are  nodes  yet  to  be  covered.  The  node  with  the  largest  total  is  selected  as  the 
next  dominating  node.  Once  node  s  is  selected,  all  nodes  in  its  r-hop  neighborhood  that  are 
not  yet  covered  (i.e.,  Domin  >  0),  must  have  their  Domin  value  recalculated  to  reflect  the 
selection  of  node  s.  Nodes  that  become  covered  (i.e.,  Domin  =  0)  are  removed  from  the 
Heap.  After  this  update,  nodes  in  node’s  s  2r-hop  neighborhood  remaining  in  the  Heap  must 
have  their  total  value  recalculated.  Because  nodes  within  distance  r  from  node  s  may  have 
their  Domin  value  changed,  it  implies  that  nodes  within  distance  2r  from  s  may  have  their 
total  value  affected  as  well.  After  these  updates,  the  Heap  must  be  sorted,  so  that  the  node 
with  the  largest  total  can  be  selected  next  (ties  are  broken  choosing  the  node  with  lowest  ID). 
This  process  repeats,  until  the  H eap  is  empty. 
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Figure  5,1:  KR 


Data:  G  =  {V,E),k,r 
Result:  D,  the  (A:,r)-DS 

begin 

D  =  % 

/*  Initialize  parameters  Domin  and  total 

foreach  i  G  F  do 

i.total  =  k  • 
i.  Domin  =  k 

/*  Insert  i  in  the  HEAP  (sorted  according  to 
the  total  parameter) .  Ties  are  broken 
choosing  the  node  with  the  lowest  ID. 

Insert{HEAP,i) 

/*  Select  dominating  nodes 

while  HEAP  /  0  do 

/*  Node  with  largest  total  is  the  next 
dominating  node 
s  =  Pirst{HEAP) 
s. Domin  =  0 
D  =  DU{s} 

/*  Update  Domin  value  for  each  covered  node 

foreach  i  G  |  i  £  HEAP  do 
- i. Domin 

/*  If  a  node  becomes  dominated  remove  it  from 
heap 

if  i. Domin  ==  0  then 
|_  Remove{HEAP,i) 

/*  Update  total  of  nodes  affected  by  the 
current  selection 

foreach  i  G  HEAP  \  i  G  do 
i.total  =  0 
foreach  j  G  91^,*  do 
1_  i.total  =  i.total  +  j. Domin 

\_  Sort{HEAP) 

end 


*/ 

*/ 

*/ 

*/ 

*/ 

*/ 

*/ 
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(B)  [8,11 


Figure  5.2:  Computing  a  (2, 2)— DS  of  the  network  with  KR. 


5.1.2  Example 

Figure  5.2  depicts  an  example  of  KR  computing  a  (2,  2)-DS  of  the  network.  Initially 
nodes  have  their  Domin  parameter  set  to  2,  and  the  total  parameter  is  computed  depending  on 
each  node’s  two-hop  neighborhood  (Figure  5.2  (A)).  Nodes  {4, 5,  7, 8}  have  the  same  largest 
total,  but  recall  that  in  KR  ties  are  broken  lexicographically;  hence,  node  4  is  selected  as 
dominating.  Figure  5.2  (B)  shows  the  network  reflecting  the  selection  of  node  4,  and  once 
again  there  are  several  nodes  with  the  same  largest  total  (i.e.,  nodes  {0, 1,2,  7, 8, 9}).  In  this 
case,  node  0  is  selected.  After  its  selection  (Figure  5.2  (C)),  nodes  {6,  8}  have  the  same  largest 
total.  Node  6  is  then  selected,  which  makes  all  nodes  (2, 2)-Covered  (Figure  5.2  (D)).  If  the 
natural  greedy  approach  were  applied  to  the  same  network,  then  the  order  of  nodes  selected 
would  be  {4, 5, 0, 2},  increasing  the  cardinality  of  the  DS  by  one  node. 
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5.1.3  Analysis  of  KR 


In  this  section  we  show  that  KR  computes  a  {k,  r)-DS  of  any  arbitrary  network  in 
polynomial  time,  yielding  a  dominating  set  of  size  at  most  /c  •  In  A  times  the  optimal. 

Correctness  and  time  complexity 

Lets  consider  an  arbitrary  graph  G  =  (V,  E)  of  order  n  =  |C|,  represented  using 
adjacency-lists.  The  initialization  takes  0(n-log  n)  time,  because  each  node  in  the  graph  needs 
to  have  its  Domin  and  total  parameters  set,  after  which  the  node  is  inserted  in  the  HEAP. 
Following  the  initialization,  the  selection  of  dominating  nodes  takes  place.  Dominating  nodes 
are  selected  from  the  HEAP.  The  while  loop  is  executed  0{n)  times.  The  first /or  loop  is 
executed  0(A)  times,  and  removing  a  node  from  the  HEAP  takes  O(logn),  what  gives  a 
0(A  •  log  n)  time  for  this  internal  loop.  The  second /or  loop  is  also  executed  0(A)  times,  and 
its  internal /or  loop  is  executed  0(A)  times,  what  gives  a  O(A^)  time  for  the  second /or  loop. 
Given  that  A  <  n  (i.e.,  A  increases  as  r  approaches  the  network  diameter,  and  is  at  most  n 
when  r  =  diameter),  KR  runs  in  O(n^)  time. 

Theorem  3.  KR  correctly  computes  a  {k,  r)-dominating  set  of  any  connected  graph  G  = 
iV,N). 

Proof.  Initially  all  nodes  are  in  the  Heap.  While  there  are  nodes  in  the  Heap,  the  node  at  the 
top  (i.e.,  with  the  largest  total  value)  is  selected  as  dominating.  A  node  is  also  removed  from 
the  Heap  when  its  Domin  value  is  equal  to  zero  (i.e.,  the  node  is  (fc,  r) -dominated).  Hence, 
when  the  Heap  is  empty,  any  node  in  the  graph  is  either  {k,  r)-dominated  or  dominating.  □ 
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Approximation  ratio 


Theorem  4.  KR  with  parameters  k  and  r,  yields  a  dominating  set  of  size  at  most 
k  •  In  A  •  |OPTi5s|,  where  OPT ds  tin  optimal  {k,  r)-dominating  set  in  the  graph. 

Proof.  Let  OPT^s  be  the  set  of  vertiees  in  an  optimal  (/c,  r) -dominating  set.  The  sets  of 
vertiees  of  G  dominated  by  vertex  i  G  OPT  us  is  ealled  Si  (assuming  that  i  also  belongs 
to  Si).  If  a  vertex  is  dominated  by  more  than  k  dominating  nodes,  we  arbitrarily  put  it  in  k 
of  sueh  sets.  The  proof  is  based  on  amortized  analysis.  Eaeh  time  a  dominating  node  y  is 
seleeted,  the  operation  has  eost  1.  This  eost  is  equally  distributed  among  all  newly  eovered 
vertiees  in  ‘^r.y  We  then  prove  that  the  total  charge  on  the  vertices  belonging  to  a  set  Si  (for 
any  i)  is  at  most  /c  •  In  A.  Since  there  are  \OPT sets  in  the  optimal  solution,  the  theorem 
follows. 

Assume  that  N  vertices  are  covered  when  a  node  s  is  selected  as  dominating.  We 
charge  each  such  newly  marked  vertex  and  a  vertex  can  be  marked  at  most  k  times.  That 
is,  while  a  vertex  has  been  marked  less  than  k  times,  it  is  considered  as  newly  marked. 

We  now  prove  the  upper  bound  on  the  total  charges  to  vertices  belonging  to  a  single 
set  Si.  At  each  step,  some  vertices  may  get  marked.  The  number  of  unmarked  vertices  in  Si  is 
initially  uq,  and  finally  drops  to  0.  In  step  j,  the  number  of  vertices  marked  in  Si  is  Uj  —  Uj+i. 
For  simplicity,  it  is  assumed  that  some  vertices  of  Si  get  marked  at  each  step,  decreasing  the 
number  of  unmarked  vertices. 

In  the  worst  case,  no  two  nodes  in  Si  are  covered  together.  In  this  case,  during  step 
j  each  node  in  Si  can  be  charged  at  most  .  Otherwise,  node  i  could  be  selected,  because  it 
would  have  covered  at  least  Uj  nodes.  Let  Um  =  0  (i.e.,  at  step  m,  all  nodes  in  Si  have  already 
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been  eovered).  Adding  up  all  the  eharges  (assuming  nodes  are  eharged  at  most  k  times)  we 


get: 


m— 1 

^  Uj 

3=0  ^ 

m  ^ 

i=i 

(5.1) 

m 

1 

7 

w 

VI 

(5.2) 

i=i 

=  k  ■  {H{uq)  -  H{Um)) 

(5.3) 

=  k  •  In  A 

(5.4) 

(Where  H{d)  =  -  =  lnd  +  0(1),  H{h)  -  H{a)  >  H{0) 


H(0)  =  0,  and  as- 


i=l 


suming  the  faet  that  uq  <  A) 


□ 


5.2  Distributed  Clustering  Using  (k,r) -Dominating  Sets 

As  diseussed  previously,  the  distance  and  the  multiple  domination  parameters  ean 
be  used  to  define  the  degree  of  redundaney  for  bounded-distanee  elusters.  That  is,  the  two 
dominating  parameters  define  fhe  maximum  disfanee  from  nodes  fo  their  eluster-heads,  and 
the  minimum  number  of  cluster-heads  per  node,  respectively. 

We  propose  DKR,  which  is  a  distributed  algorithm  for  clustering  using  (/c,  r)-DS. 
DKR  is  well  suited  for  both  synchronous  and  asynchronous  networks.  In  the  synchronous 
network  model,  nodes  exchange  messages  in  synchronous  rounds.  In  the  asynchronous  net¬ 
work  model,  nodes  take  steps  at  arbitrary  times.  Even  though  there  are  no  rounds  in  the 
asynchronous  model,  it  is  possible  to  simulate  rounds  [17].  In  order  to  do  that,  a  node  tags  the 
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message  with  its  round  number  x.  The  recipient  waits  to  receive  round  x  messages  from  all 


its  neighbors  before  transitioning  to  the  next  round. 

5.2.1  Summary  Description 

We  assume  that  nodes  have  unique  identifiers  (IDs),  and  that  nodes  know  who  their 
neighbors  are.  The  latter  can  be  implemented  by  means  of  a  neighbor  protocol  with  which 
nodes  exchange  hello  messages  [39] ,  as  part  of  the  MAC  protocol,  or  using  periodic  HELLO 
messages  as  part  of  the  protocol  itself. 

Associated  with  any  node  i  in  the  network,  there  is  a  process  that  consists  of  the 
following  components:  A  set  of  states,  which  is  used  for  describing  the  current  state  of  node 
i.  A  message-generation  function  that  specifies  any  messages  that  node  i  should  send  and 
to  whom  it  should  send  them,  depending  on  the  current  state  of  the  system.  Optionally,  a 
list  of  events,  each  of  them  scheduled  to  happen  at  a  specific  fime.  A  sfafe-fransifion  function 
specifying  fhe  new  sfafe  fo  which  node  i  should  fransifion  for  each  possible  sfafe  and  messages 
received. 

The  status  of  a  node  rellecls  ifs  role  during  fhe  clustering  process.  Inifially,  fhere 
is  no  esfablished  hierarchy  among  nodes,  and  fhe  nodes  assume  an  unknown  sfafus.  As  fhe 
nodes  organize  fhemselves,  fheir  sfafus  change  fo  reflecf  fheir  role  in  a  cluster,  which  can  be 
one  of  fhe  following: 

•  Dominating,  fhe  node  is  a  cluster-head. 

•  Pending  Dominating,  fhe  node  may  become  a  cluster-head. 

•  Dominated,  fhe  node  has  at  least  k  cluster-heads  wifhin  disfance  r. 
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•  Gateway,  in  addition  to  being  dominated,  the  node  eonneets  other  nodes  to  their  eluster- 
heads. 

A  round  of  messages  is  defined  as  the  sueeessful  transmission  of  a  message  m  by 
any  node  n  to  all  its  one-hop  neighbors.  If  rounds  are  numbered,  a  round  x  is  deemed  eomplete 
only  after  all  nodes  have  sent  the  messages  for  round  x.  DKR  has  two  phases: 

•  Phase  One  (Eleetion  Phase):  Eaeh  node  eleets  k  nodes  with  smaller  IDs  (possibly 
ineluding  the  node  itself)  within  distanee  r.  Eleeted  nodes  are  just  candidates  to  be 
cluster-heads.  Beeause  eaeh  node  has  its  own  set  of  k  eleeted  nodes  within  distanee  r, 
the  sets  of  eleeted  nodes  dominate  all  non-eleeted  nodes  in  the  network. 

•  Phase  Two:  During  this  phase  cluster-heads  are  assigned,  and  nodes  are  affiliated  to 
their  eluster-heads. 

Clearly,  there  must  be  at  least  k  nodes  in  every  node’s  r-hop  neighborhood  for  the 
required  multiple  domination  to  be  satisfied.  In  fhe  subsequenf  deseripfion  of  DKR,  we  assume 
fhaf  mulfiple  domination  ean  be  satisfied  af  eaeh  node. 

If  is  possible  fhaf  nol  all  nodes  eleefed  during  Phase  One  beeome  cluster-heads, 
because  some  redundanf  candidafes  are  identified,  and  pruned.  The  rafionale  for  choosing 
node  IDs  over  node  degree  for  fhe  elecfion  process  is  fhaf  elections  based  on  node  degree  can 
resulf  on  high  furnover  of  dominating  nodes  when  fhe  fopology  changes,  because  fhe  degree 
of  a  node  is  much  more  likely  fo  change  fhan  fhe  node  ID  relative  fo  ifs  neighborhood  [21]. 
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Phase  One 


This  phase  takes  r  rounds  to  eomplete  in  a  statie  topology.  A  pseudo-eode  for  Phase 
One  is  presented  in  Figure  5.3.  For  asynehronous  networks,  rounds  are  simulated  as  deseribed 
previously.  At  the  beginning  of  a  new  round,  a  node  advertises  its  list  of  K  <  k  smaller  ID 
nodes.  After  a  number  of  rounds  (r  rounds  in  a  statie  topology),  a  node  i  in  the  network  learns 
the  set  of  k  nodes  with  smaller  IDs  (possibly  ineluding  the  node  itself)  within  distance  r  from 
it.  We  denote  such  a  set  by  D  -. 

An  elected  node  can  elect  itself  or  be  elected  by  other  nodes.  A  node  that  elects  itself 
is  called  properly-elected  if  the  node  is  not  elected  by  any  other  node,  and  is  called  self-elected 
if  the  node  is  elected  by  at  least  one  other  node.  A  node  that  does  not  elect  itself  and  is  elected 
by  other  nodes  that  are  not  elected  is  called  neighbor-elected.  After  the  election,  any  node  i 
in  the  network  changes  its  status  as  follows:  If  node  i  is  properly-elected  or  self-elected,  node 
i  changes  status  to  pending  dominating.  Otherwise,  node  i  has  status  dominated. 

Note  that  a  properly-elected  node  must  become  dominating,  because  there  are  at 
most  k  —  1  other  elected  nodes  in  node  i’s  r-hop  neighborhood.  Because  identifying  properly- 
elected  nodes  would  incur  extra  overhead,  they  are  implicitly  notified  of  their  dominating 
status  after  not  hearing  from  enough  dominating  nodes  within  a  given  period  of  time. 

A  neighbor-elected  node  i  is  elected  by  at  least  one  node,  call  it  n,  which  is  not 
elected  and  for  which  node  i  is  strictly  required.  That  is,  there  is  no  self-elected  node  in 
node  n’s  r-hop  neighborhood  that  could  possibly  replace  node  i;  otherwise,  node  n  would 
have  elected  that  self-elected  node.  Even  though  in  some  cases  a  properly-elected  node  could 
replace  node  i,  initially  DKR  chooses  to  select  all  neighbor-elected  nodes  as  cluster-heads. 
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Figure  5.3:  DKR:  Phase  One  (Election  Phase) 

states  consists  of: 

i  the  node  ID 

k,  r  the  dominating  set  parameters 

Di  set  of  tuples,  with  each  tuple  specifying  a  node  ID,  the  node  advertising  it  (i.e.,  next- 

hop  toward  the  node),  and  the  distance  to  the  node.  Initially  contains  only  the  tuple 
{i,i,0} 

A  set  formed  from  set  ,  with  each  tuple  specifying  a  node  ID  and  its  known  distance 

(i.e.,  first  and  third  parameter  of  each  tuple  from  set  DJ 
H  set  of  all  nodes  known  during  the  election  process 

status  {unknown,  pending  -dominating,  dominating,  dominated} ,  initially  unknown 

rounds  an  integer,  initially  0 

NA  set  of  nodes  requiring  Neighborhood  Advertisement  (initially  N  A  =  0). 

messages: 

if  rounds  <  r  then 

/*  send  current  list  of  known  K  <  k  known  smallest  IDs  */ 
send  A  to  all  neighbors 

transitions: 

rounds  =  rounds  +  1 
M  =  {set  of  tuples  received  from  neighbors} 
foreach  t  —  {domin,  dist)  e  M  do 

if  3  (a,  h,c)  £  Di\  a  ==  domin,  {dist  3-  1)  <  c  then 

/*  found  shorter  path  to  some  node  in  set  D^  */ 

b  =  node  sending  tuple  t 
c  =  dist  +  1 

update  correspondent  entry  in  set  H 
[_  M  =  M\{t} 

/*  H :  all  nodes  known  during  the  election  process 
H  =  HUM 
P  -  o'iUM 

Di  =  {min{k,  |P|)  smaller  IDs  in  P} 
update  A  with  new  set  Dj 
if  rounds  ==  r  then 

/*  Election  is  over! 
itiGDi  OR  \  Di\  <  k  then 
if  \Di\  <  k  then 

/*  Not  satisfiable! 
status  =  dominating 

/*  Must  send  an  NA  message  during  phase  two, 
advertising  I  am  a  cluster-head 
NA  =  {(} 

else 

^  status  =  pending -dominating 

A  =  0 

else 

L  status  =  dominated 
/*  go  to  Phase  Two 
DKR:  Phase  Two 


*/ 

*/ 

*/ 
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Figure  5.4:  DKR  Phase  Two:  states,  messages,  and  events 

states  consists  of  (in  addition  to  states  from  phase  one): 

N  set  of  nodes  requiring  Notification  (initially  =  0) 

LA  initially  True 

J  set  of  nodes  requiring  a  Join  message  (initially  =  0) 
messages: 

it  LA  ==  True  then 

/*  only  dominated  nodes  send  Local  Advertisement  */ 

if  status  ==  dominated  then 

Broadcast  (Local Advertisement,  D^) 

else 

/*  Schedule  event  for  checking  dependencies  */ 

L  ScheduleEvent(CheckStatus,  Wait  Period) 

LA  =  False; 

if  A  /  0  then 

foreach  {target,  next-hop)  e  A  do 
^  Unicast  to  nextjiop  (Notification,  target)', 

_  N  =  0 

if  AA  7^  0  then 

/*  Initiating  or  relaying  a  neighborhood  advertisement  */ 

foreach  n  £  NA  do 

^  Broadcast  (NeighborhoodAdvertisement,  n) 

_  AA  =  0 
if  y  /  0  then 

foreach  n  e  J  do 

I  —  get  next  hop  to  n  from  H 
Unicast  to  I  (Join,  n) ; 

_  J  =  0 

events: 

case  CheckStatus 

L  =  {validated  nodes  in  set  Di} 
if  status  =  =  pending -dominating  then 
if  \L\  <  k  then 

/*  not  enough  dominating  nodes  within  distance  r  */ 
status  =  dominating 

else 

if  any  Notification  relayed  by  this  node  then 
I  status  =  gateway 

else 

L  status  =  dominated 
if  status  7^  dominating  then 

/*  send  a  Join  message  to  all  my  dominating  nodes  */ 

if  \L\  <  k  then 

F  =  D'iDL 

/*  Chooses  k —  \L\  nearest  ones!  */ 

L  =  {k  —  \L\  closest  nodes  in  A} 

J  =  L  U  l' 

Validate  entries  in  L 
else 

L  J  =  L 
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Phase  Two 


During  phase  two,  some  or  all  nodes  eleeted  during  phase  one  beeome  eluster-heads. 
In  addition,  the  rest  of  the  nodes  are  affiliated  to  their  eluster-heads.  A  pseudo-eode  for  phase 
two  is  presented  in  Figures  5.4  and  5.5. 

The  messages  used  during  this  phase  are: 

•  Local  Advertisement  (LA):  A  message  having  the  list  of  nodes  eleeted  hy  the  sender, 
and  the  respeetive  next-hop  to  eaeh  one  of  the  eleeted  nodes. 

•  Neighborhood  Advertisement  (NA):  A  message  advertising  a  eluster-head. 

•  Notification:  A  message  sent  to  notify  a  node  that  must  beeome  eluster-head. 

•  Join:  A  message  sent  to  notify,  or  to  eonneet  to  a  given  eluster-head. 

Beeause  neighbor-eleeted  nodes  are  not  aware  of  their  eleetion,  a  notifieation  meeh- 
anism  is  needed  to  notify  them.  Depending  on  the  eoverage  provided  by  neighbor-eleeted 
nodes,  some  self-eleeted  nodes  may  be  ruled  out  as  eluster-heads. 

At  the  beginning  of  phase  two,  dominated  nodes  send  to  their  one-hop  neighbors  an 
LA  message  eontaining  their  eleeted  nodes.  Any  dominated  node  i  proeeeds  as  follows  upon 
reeeiving  an  LA  message: 

•  If  node  i  is  listed  in  the  advertisement,  node  i  ehanges  its  status  to  dominating,  triggering 
an  NA  message  announeing  node  i  as  eluster-head  to  all  its  r-hop  neighbors.  This  is 
aeeomplished  by  broadeasting  the  NA  message  using  restrieted  blind-flooding  with  the 
time-to-live  (TTL)  field  sef  equal  fo  r. 
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•  If  node  i  is  not  listed  in  the  LA  message  but  is  listed  as  a  next  hop  to  any  advertised 


node,  then  node  i  ehanges  its  status  to  gateway. 

•  For  any  advertised  node  n  G  LA  that  is  not  among  the  nodes  eleeted  by  node  i  (i.e., 
n  3  D[)  it  sends  a  Notification  message  to  node  n.  Upon  reeeiving  the  notifieation,  if 
the  notified  node  is  not  yet  dominating,  the  node  advertises  itself  via  an  NA  message. 

Definition  1.  For  any  node  i,  and  for  all  n  G  D'-,  node  n  is  deemed  validated  only  upon 
the  reception  of  the  respective  NA  message  advertising  node  n;  otherwise,  node  n  is  not  yet 

validated. 

Any  neighbor-eleeted  node  n  eventually  ehanges  its  status  to  dominating,  by  either 
reeeiving  a  Notification  message  originated  at  some  node  k  within  distanee  1  <  d  <  r,  or  by 
reeeiving  an  LA  message  from  some  one-hop  neighbor.  In  any  ease,  onee  node  n  beeomes 
dominating,  it  sends  an  NA  message. 

Beeause  an  NA  message  is  sent  only  when  a  node  ehanges  its  status  to  dominating, 
nodes  reeeiving  an  NA  message  advertising  node  n  know  that  it  is  a  eluster-head.  When 
proeessing  an  NA  message  for  node  n,  any  node  i  inserts  an  entry  for  node  nin  D[. 

A  pending  dominating  node  i  does  not  beeome  a  cluster-head  if  (a)  node  i  has  at 
least  k  validated  dominating  nodes  within  distanee  r,  and  (b)  every  node  n,  whieh  eleeted 
node  i  during  phase  one,  is  also  eovered  by  a  set  of  validated  dominating  nodes. 

Definition  2.  Wait  Period  is  the  minimum  time  required  for  reaching  an  agreement  in  phase 
two. 

In  the  worst  ease,  a  Notification  for  node  n  is  initiated  by  some  neighbor  i  loeated 
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r  —  1  hops  away  from  node  n.  The  eorrespondent  NA  message  initiated  by  node  n  reaehes 


the  most  distant  neighbors  (i.e.,  r  hops  away  from  node  n)  after  r  sueeessfully  transmissions 
of  message  NA.  Therefore,  Wait  Period  should  be  larger  than  the  time  required  for  2r  trans¬ 
missions  of  a  message.  After  a  period  of  time  equivalent  to  Wait  Period  any  node  i  in  the 
network  eheeks  its  eoverage.  If  node  i  is  pending  dominating,  and  it  does  not  have  enough 
validated  entries  in  D[,  then  node  i  ehanges  status  to  dominating,  and  sends  an  NA  message. 
This  means  that  node  i  does  not  have  enough  information  for  ensuring  its  own  eoverage  (i.e., 
node  i  does  not  know  if  it  has  at  least  k  dominating  nodes  within  distanee  r).  Otherwise,  any 
non-dominating  node  i  sends  a  Join  message  to  k  nodes  from  D'-  (ineluding  the  nodes  already 
validated).  If  there  are  more  than  k  validated  entries  in  D[,  node  i  ehooses  the  elosest  ones 
(ties  are  broken  ehoosing  the  node  with  smaller  ID). 

Like  a  Notification,  whieh  also  serve  for  assigning  gateways  while  the  message  is 
being  routed  to  its  destination.  Join  messages  also  serve  to  notify  any  pending  dominating 
node  that  is  still  required  as  eluster-head.  That  is,  even  though  some  pending  dominating  node 
i  finds  itself  eovered,  there  might  be  some  node  j  that  still  needs  node  i  (i.e.,  without  node 
i,  node  j  does  not  have  the  required  number  of  dominating  nodes).  While  a  Join  message  is 
being  routed  to  destination  n,  a  node  i  proeessing  the  message  does  not  need  to  relay  it  if  a 
Notification,  or  another  Join  message,  had  already  been  sent  to  node  n.  So,  we  assume  that 
every  node  keeps  traek  of  reeent  Notification  and  Join  messages  sent  by  the  node.  After  Join 
messages  reaeh  their  destinations,  all  regular  nodes  are  eonneeted  to  their  eluster-heads. 


Ill 


Figure  5.5:  DKR  Phase  Two:  transitions 


transitions: 

M  =  {message(s)  from  neighbor(s)} 
foreach  m  G  M  do 

Sender  =  node  that  sent  message  m 
switch  m  do 

case  LocalAdvertisement 

/*  local  advertisements  consist  of  tuples  {a,b,c),  where 
a=dominating  node,  b=next  hop,  and  c=distance 

foreach  (a,  6,  c)  G  m  do 

if  a  ==  iAND  status^  {dominating  OR  pending  .dominating}  then 
I  status=dominating 
I  A^A  =  A^A  U  {i} 

else 

if  status==dominated  AND  b  ==  i  then 
|_  status=gateway 

/*  If  a  is  not  one  of  my  selections,  and  I  am  on  the 
path  to  node  a,  send  a  notification  to  a 

if  a  9  AND  b  ==  i  then 

n  =  get  next  hop  to  a  from  set  H 
if  n  7^  Sender  then 
L  N  =  NU{{a,n)} 


case  Notification 

if  target  ==  i  then 

/*  I  am  being  notified 
if  status  ^dominating  then 
status=dominating 

NA  =NA  U  [i] 

d[  =  0 


if  target  9  then 

n  =  get  next  hop  to  target  from  set  H 
if  n  7^  Sender  then 

if  status  ==  dominated  then 
|_  status=gateway 

if  Notification  not  previously  sent  to  target  then 
U  {{target^  n}} 


case  Join 

if  target  7^  i  then 

if  Join  OR  Notification  not  yet  sent  to  target  then 
if  status  ==  dominated  then 
|_  status=gateway 

J  =  J  U  {n} 


case  NeighborhoodAdvertisement 
a  =  advertised  node 
if  status  7^  dominating  then 
if  a  9  then 

L  A  =  Auw 


if  {distance  to  a)  <  r  then 

/*  relay  advertisement 
NA  =NA  U  [a] 
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5.2.2  Examples 


Consider  the  example  presented  in  Figure  5.6,  where  nodes  are  eomputing  a  (2, 3)- 
DS  of  the  network.  During  Phase  One  nodes  eleet  the  two  nodes  with  smaller  IDs  in  their 
3-hop  neighborhood  (Figure  5.6(A)).  Nodes  10  and  15  are  self-elected,  and  nodes  18  and  20 
(both  eleeted  by  node  90)  are  neighbor-elected.  Self-elected  nodes  assume  status  pending 
dominating.  The  remaining  nodes  assume  status  dominated,  and  send  an  LA  message  adver¬ 
tising  their  list  of  eleeted  nodes.  After  reeeiving  the  LA  message  from  neighbor  90,  node 
18  ehanges  status  to  dominating,  and  sends  an  NA  message  that  eventually  reaehes  all  nodes 
within  distanee  3  from  node  18.  Figure  5.6(B)  show  the  status  of  nodes,  and  their  eorrespond- 
ing  validated  dominating  entries.  Besides  sending  the  NA  message,  node  18  also  sends  a 
Notifieation  to  node  20.  Figure  5.6(C)  presents  the  status  of  the  network  after  the  notifieation 
has  reaehed  node  20.  The  notifieation  makes  node  20  ehange  its  status  to  dominating,  trigger¬ 
ing  an  NA  message  that  eventually  reaehes  all  neighbors  within  distanee  3  from  node  20.  After 
all  affeeted  nodes  proeess  this  NA  message,  we  notiee  that  all  dominated  nodes  are  satisfied, 
because  each  of  fhem  have  2  validafed  enfries  in  fheir  D'  lisfs.  Wait  Period  should  be  sef  ap- 
propriafely,  so  fhaf  by  fhe  lime  Ihe  evenl  CheckStatus  happens  all  NA  messages  have  already 
been  delivered  and  processed.  Figure  5.6(D)  shows  fhe  slalus  of  fhe  nelwork  afler  all  dom- 
inaled  nodes  have  senl  oul  fheir  Join  messages  lo  fheir  dominating  nodes  (assume  lhal  Join 
messages  are  grouped  logelher  whenever  differenl  dominaling  nodes  are  reachable  fhrough 
fhe  same  node).  In  Ibis  case,  because  nodes  50  and  80  have  eifher  relayed  a  Notification,  or  a 
Join  message,  fhey  serve  as  gateways  for  ofher  dominaled  nodes. 

Figure  5.7  presenfs  an  example  comparing  DKR  {assuming  maximum  ID  nodes  are 
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Figure  5.6;  Computing  a  (2, 3)-DS  of  the  network 


elected,  rather  than  the  default  minimum  ID)  to  Max-Min  [3],  when  computing  a  (1, 3)-DS  of 
the  network.  This  is  the  same  network  example  presented  in  [3].  While  Max-Min  produces  4 
cluster-heads,  DKR  produces  3.  For  DKR,  node  100  is  a  self-elected  node.  The  other  elected 
nodes  (i.e.,  65,  73,  and  85)  are  eventually  notified,  and  announce  themselves  by  sending  NA 
messages.  All  nodes  that  have  elected  node  100  (including  node  100  itself)  receive  at  least 
one  of  these  NA  messages,  validating  the  respective  advertised  node.  This  is  an  indication  that 
the  election  process  can  be  improved,  producing  smaller  dominating  sets.  Simulation  results 
presented  latter  corroborate  this. 
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0  Cluster-head 


(a)  Max-Min  (b)  DKR 

Figure  5.7;  Computing  a  (1, 3)-DS  of  the  network  (same  network  example  presented  in  [3]):  (a)  Max- 
Min,  and  (b)  DKR  {assuming  maximum  ID  nodes  are  elected,  rather  than  the  default  minimum  ID) 

5.2.3  Analysis  of  DKR 

To  prove  the  eorreetness  of  DKR,  we  have  to  show  that  it  is  safe  (i.e.,  the  algorithm 
eomputes  a  {k,  r)-DS  of  the  network),  and  that  it  is  live  (i.e.,  it  eompletes  within  a  finite  period 
of  time). 

Lemma  1.  Phase  one  of  DKR  has  time  complexity  ofO{n5r),  where  n  is  the  number  of  nodes 
in  the  network,  5  is  the  largest  node  degree,  and  r  is  the  distance  parameter. 

Proof.  During  eaeh  round,  nodes  send  messages  to  all  their  one-hop  neighbors.  Phase  one 
takes  r  rounds.  Assuming  a  network  of  n  nodes,  and  that  nodes  have  at  most  6  links,  phase 
one  of  DKR  requires  0{n6r)  messages  to  eomplete.  Therefore,  the  time  eomplexity  of  phase 
one  is  0{n6r).  □ 

Lemma  2.  After  r  rounds  of  successful  transmission  of  message  m,  the  message  is  propa¬ 
gated  up  to  r  hops  away  from  the  originating  node. 
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Proof.  This  can  be  proved  by  induction  on  the  distance  d  from  the  originating  node.  The 
base  case  is  when  d  =  0,  and  corresponds  to  the  originating  node  no-  Now  consider  a  node 
V  at  distance  r  from  no.  A  neighbor  u  of  node  v  at  distance  r  —  1  received  the  message. 
Therefore,  node  u  sends  the  message  to  all  neighbors,  including  v.  Eventually  node  v  receives 
the  message.  □ 

Theorems.  Phase  One  ofDKR  correctly  computes  a  {k,r)-DS  of  any  arbitrary  connected 
graph  G  =  (V,  E). 

Proof.  We  assume  that  nodes  know  their  one-hop  neighbors.  The  system  is  either  synchronous 
or  asynchronous.  In  the  latter  case,  rounds  are  simulated  by  tagging  advertisements  with  the 
round  number.  By  Lemma  2,  after  r  rounds  a  node  ID  is  propagated  at  most  r  hops  away. 
Because  nodes  advertise  their  K  <  k  known  smaller  IDs,  after  r  rounds  every  node  n  ^  V 
learns  the  K  <  k  nodes,  D'^,  with  smaller  IDs  located  within  distance  r.  Lets  assume  that 
S  is  the  set  composed  of  proper-elected,  self-elected,  and  unsatisfiable  nodes  (i.e.,  a  node  i  is 
deemed  unsatisfiable  if  |  |  <  k),  and  that  R  is  the  set  of  satisfiable  non-proper/self-elected 

nodes  (i.e.,  i?  =  1^  —  S').  It  follows  that  the  set  D  =  {  (^  +  S'}  is  a  {k,  r)-DS  of  G.  □ 

n&R 

Theorem  6.  Phase  Two  ofDKR  correctly  connects  dominated  nodes  to  at  least  k  dominating 
nodes  at  most  r  hops  away. 

Proof.  At  the  beginning  of  phase  two,  any  dominated  node  i  advertises  its  list  of  elected  nodes, 
D[,  by  locally  broadcasting  the  list  via  an  LA  message.  Any  node  n  with  status  dominated,  or 
gateway,  upon  receiving  an  LA  message  from  neighbor  m,  changes  its  status  to  dominating 
if  the  advertisement  lists  node  n,  implying  that  node  n  G  D'^.  In  this  case,  node  n  sends  an 
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NA  message  which  is  then  propagated  to  all  nodes  within  distance  r  from  node  n.  For  every 
node  k  in  the  LA  message  such  that  m  3  D'^,  a  notification  is  sent  to  node  k  if  node  n  is  on 
the  path  to  node  k  (i.e.,  for  node  n  the  next-hop  to  node  k  is  known,  and  it  is  not  m).  If  this 
is  the  case,  at  least  one  neighbor  of  node  m  has  a  route  to  node  k,  because  nodes  are  elected 
based  on  the  advertisements  sent  by  one-hop  neighbors  during  phase  one.  Eventually,  the  LA 
message  sent  by  node  m  reaches  all  its  one -hop  neighbors,  including  the  nodes  with  routes  to 
the  nodes  elected  by  node  m.  A  Notification  for  node  n,  when  necessary,  is  issued  (initiated 
or  relayed)  just  once  by  any  node  i.  A  dominated  node  relaying  a  notification  changes  its 
status  to  gateway.  Once  a  Notification  reaches  the  destination,  if  the  status  of  the  destination 
is  not  dominating,  it  changes  its  status  to  dominating,  and  advertises  itself  sending  an  NA 
message.  If  any  node  i  relaying  an  NA  messages  currently  has  fewer  than  k  validated  entries 
in  D'-,  then  an  entry  with  the  validated  node  is  inserted  in  D'-.  After  a  period  of  time  equal  to 
Wait  Period  (starting  from  the  beginning  of  Phase  Two),  every  node  i  in  the  network  checks 
the  number  of  validated  entries  in  D'-.  If  node  i’s  status  is  pending  dominating,  and  it  has 
I  <  k  validated  entries  in  D[,  then  node  i  changes  its  status  to  dominating,  and  it  sends  an 
NA  message.  Otherwise,  if  node  f’s  status  is  not  dominating,  it  sends  a  Join  message  to  all 
its  dominating  nodes  (validated  or  not).  Any  node  n  receiving  a  Join  message,  for  destination 
d,  does  not  need  to  relay  the  message  in  case  node  n  had  already  initiated,  or  relayed,  a  Join 
or  Notification  message  to  node  d  before.  After  all  the  Notification,  or  Join,  messages  have 
reached  their  destinations,  the  paths  from  dominated  nodes  to  their  respective  dominating 
nodes  are  formed  by  nodes  that  are  either  dominating  or  gateway.  Because  all  nodes  must 
check  their  status  after  a  finite  period  of  time  (i.e..  Wait  Period),  and  any  non-dominating  node 
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i  must  send  Join  messages  to  all  its  dominating  nodes,  (/c,  r)-coverage  is  guaranteed.  □ 

5.3  Performance 

Even  though  KR  and  DKR  compute  a  {k,r)-DS  of  any  arbitrary  topology,  the 
topologies  considered  for  simulations  are  those  of  wireless  networks  (i.e.,  modeled  using  unit 
disk  graphs  [13]).  Given  that  the  (A:,  r)-DS  problem  is  NP-Complete  and  that  KR  is  the  first 
known  approximation,  we  use  it  as  a  lower  bound  to  assess  the  performance  of  the  distributed 
solution. 

To  focus  on  the  efficiency  of  fhe  heuristics  fhemselves,  we  use  a  customized  simu¬ 
lator  for  ad  hoc  nefworks,  and  assume  an  ideal  MAC  protocol  wifh  which  no  collisions  can 
occur.  This  is  fhe  same  approach  adopfed  in  all  prior  work  [15,  37,  68, 69]  fo  compare  fhe 
efficacy  of  heuristics.  As  discussed  previously,  DKR  works  in  bofh  synchronous  and  asyn¬ 
chronous  nefworks.  However,  for  fhe  simulations  we  assume  synchronous  nefworks. 

Experimenfs  are  repeafed  for  100  frials  wifh  differenf  nefwork  fopologies,  varying 
fhe  number  of  nodes  and  ferrain  size.  Nodes  are  randomly  placed  over  fhe  ferrain,  and  con- 
necfivify  is  fesfed  fo  ensure  fhaf  fhe  nefwork  is  connecfed.  The  radio  range  is  sef  fo  250m.  The 
resulfs  represenf  fhe  average  over  fhe  100  differenf  nefworks  .  The  nefwork  size  is  varied  from 
100  nodes  fo  500  nodes,  wifh  incremenfs  of  50  nodes.  Eor  fhe  same  number  of  nodes,  we  vary 
fhe  ferrain  size  according  fo  fwo  configurations  so  fhaf  we  can  fesf  fhe  algorifhms  for  differenf 
node  densify  (see  Table  5.1  for  terrain  dimensions).  Configuration  1  has  a  node  densify  of 
50  and  Configuration  2  has  100 

km^  ’  ®  km^ 

To  give  an  idea  of  fhe  characteristics  of  fhe  nefworks  being  evaluafed.  Table  5.2 
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Table  5.1:  Terrain  Size  (in  meters) 


^  of  nodes 

Configuralion  1 

Configurafion  2 

100 

1414 X 1414 

1000  X  1000 

150 

1732  X  1732 

1225  X  1225 

200 

2000  X  2000 

1414 X 1414 

250 

2236  X  2236 

1581 X 1581 

300 

2449  X  2449 

1732  X  1732 

350 

2645  X  2645 

1871 X 1871 

400 

2828  X  2828 

2000  X  2000 

450 

3000  X  3000 

2121 X 2121 

500 

3162x3162 

2236  X  2236 

presents  the  values  for  the  network  diameter  (i.e.,  the  largest  distance  between  any  pair  of 
nodes),  and  the  average  node  degree  for  all  network  sizes.  These  results  show  that  as  the 
network  size  increases,  so  does  the  network  diameter.  But  it  also  shows  that,  in  each  config¬ 
uration,  the  average  node  degree  is  similar  for  all  network  sizes.  In  Configuration  2,  nodes 
have  almost  twice  as  many  neighbors  compared  to  the  networks  from  Configuration  1.  On  the 
other  hand,  the  network  diameter  is  smaller  for  networks  in  Configuration  2,  because  there  are 
in  average  twice  as  many  nodes  spread  over  the  same  area  compared  to  Configuration  1. 

Three  performance  metrics  are  evaluated: 

•  Signaling  overhead,  which  consists  of  the  total  number  of  control  packets  exchanged 
for  gathering  topology  information  in  a  centralized  algorithm,  or  for  the  execution  of 
the  two  phases  in  the  distributed  algorithm. 

•  Total  number  of  cluster-heads  (i.e.,  dominating  nodes),  which  is  the  number  of  (fc,  r)- 
dominating  nodes  for  different  configurations. 

•  Cluster-head  sparseness,  which  gives  a  measure  of  the  efficacy  of  disfribufing  clusfer- 
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Table  5.2:  Network  Diameter  and  Node  Degree  (results  represent  the  average  ±  std  over  100  samples) 


Configuration  1 

Configuration  2 

#  of  nodes 

Diameter 

Degree 

Diameter 

Degree 

100 

10.4  ±0.1 

7.8  ±0.1 

6.2  ±0.1 

14.9  ±0.1 

150 

12.8  ±0.2 

8.1  ±0.1 

7.9  ±0.1 

15.5  ±0.1 

200 

14.7  ±0.1 

8.2  ±0.1 

9.2  ±0.1 

16.2  ±0.1 

250 

16.5  ±0.1 

8.3  ±0.1 

10.2  ±0.1 

16.5  ±0.1 

300 

18.1  ±0.1 

8.3  ±0.1 

11.3  ±0.1 

16.7  ±0.1 

350 

19.4  ±0.1 

8.5  ±0.1 

12.2  ±0.1 

16.9  ±0.1 

400 

20.9  ±0.2 

8.7  ±0.1 

13.0  ±0.1 

17.1  ±0.1 

450 

21.9  ±0.1 

8.7  ±0.1 

13.8  ±0.1 

17.2  ±0.1 

500 

23.4  ±0.1 

8.7  ±0.1 

14.6  ±0.1 

17.3  ±0.1 

heads  over  the  network.  It  gives  the  average  number  of  eluster-heads,  within  the  dis¬ 
tance  parameter,  per  regular  node.  Results  eloser  to  the  multiple  domination  parameter 
means  better  distribution  of  cluster-heads.  Ideally,  regular  cluster  nodes  should  have 
exactly  k  cluster-heads  within  distance  r,  but  this  is  not  a  requirement  when  solving  the 
{k,  r)-DS  problem  (which  stipulate  at  least  k  dominating  nodes). 

To  apply  KR,  complete  topology  information  must  be  gathered  using  reliable  flood¬ 
ing  of  link-state  updates.  In  the  distributed  algorithm,  HELLO  messages  are  used  for  obtain¬ 
ing  the  one-hop  neighbor  information,  and  control  messages  are  reliably  transmitted  during 
the  two  phases  of  DKR. 

Ligure  5.8  presents  the  signaling  overhead  for  Configuration  1  (results  for  Con¬ 
figuration  2  are  omitted  because  they  are  similar  to  Configuration  1).  The  control  overhead 
incurred  by  the  centralized  algorithm  is  due  only  to  the  dissemination  of  topology  information. 
After  the  nodes  have  complete  topology  information,  they  can  compute  clusters  locally  for  any 
parameters.  Lor  the  distributed  algorithm,  the  signaling  overhead  varies  mostly  due  to  the  dis- 
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Number  of  dominating  nodes  Number  of  Control  Packets 


1e+07 


Signaling  Overhead:  configuration  1 


Figure  5.8;  Centralized  versus  distributed;  signaling  overhead. 


Configuration  1 


Figure  5.9;  DKR  versus  Max-Min,  Configuration  1;  #  of  cluster-heads. 


2 


■ 


Configuration  2 


Figure  5.10;  DKR  versus  Max-Min,  Configuration  2:  #  of  cluster-heads. 


tance  parameter.  The  number  of  eontrol  paekets  inereases  as  the  number  of  rounds  inereases; 
that  is,  larger  the  distanee  parameter,  larger  the  number  of  advertisements.  To  show  how  the 
signaling  overhead  varies  with  the  distanee  parameter,  results  are  presented  for  parameter  r 
varying  from  1  to  4  when  eomputing  a  (1,  r)-DS  of  the  network. 

Beeause  DKR  diseards  self-eleeted  nodes  whenever  possible,  in  the  worst  ease  all 
eleeted  nodes  beeome  cluster-heads.  However,  in  Max-Min  [3]  all  nodes  eleeted  at  the  end 
of  the  first  r  rounds  beeome  eluster-heads;  but,  it  is  only  during  the  seeond  set  of  r  rounds 
that  some  of  the  eleeted  nodes  find  out  about  their  dominating  status.  Besides  that,  in  eertain 
seenarios  Max-Min  generates  eluster-heads  that  are  on  the  path  between  a  node  and  their 
eleeted  eluster-heads.  In  that  ease,  only  during  the  convergecast  (whieh  is  used  to  eonneet 
regular  nodes  to  their  eluster-heads)  that  nodes  adjust  their  seleetions  to  the  elosest  eluster- 
head.  To  show  how  DKR  reduees  the  number  of  eluster-heads  eompared  to  Max-Min,  when 
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Sparseness:  Configuration  1 


Figure  5.11;  DKR  versus  Max-Min:  cluster-head  sparseness. 


computing  (1,  r)-DS  (recall  that  Max-Min  computes  only  r-hop  dominating  sets),  we  present 
simulations  for  different  values  of  the  distance  parameter. 

Figure  5.9  presents  the  results  for  the  total  number  of  cluster-heads  for  Configuration 
1,  varying  the  distance  parameter  from  2  to  4.  And  Figure  5.10,  presents  the  results  for 
Configuration  2.  For  both  configurations  DKR  always  selects  fewer  cluster-heads  compared 
to  Max-Min,  meaning  that  usually  some  self-elected  nodes  are  ruled  out  as  cluster-heads. 

Figure  5.11  presents  the  cluster-head  sparseness  results  for  DKR  and  Max-Min  for 
the  networks  in  Configuration  1.  DKR  not  only  reduces  the  total  number  of  cluster-heads, 
but  it  also  distribute  them  more  evenly  over  the  network.  Recall  that,  in  DKR,  some  pending 
dominating  nodes  do  not  become  cluster-heads,  and  regular  nodes  join  the  closest  elected 
nodes. 

Figure  5.12  and  5.13  present  the  results  in  terms  of  total  number  of  cluster-heads  for 
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Configuration  1  when  computing  (/c,  2)-DS,  {k,  3)-DS,  and  {k,  4)-DS  using  KR  and  DKR.  As 
expected,  DKR  produces  more  cluster-heads.  For  dominating  distance  two  (i.e.,  r  =  2),  both 
algorithms  behave  similarly,  presenting  a  large  difference  between  one  dominating  node  (i.e., 
k  =  1)  and  two-dominating  nodes  (i.e.,  k  =  2).  As  we  increase  the  distance  parameter,  fewer 
nodes  are  necessary  for  the  dominating  set.  In  KR,  each  time  a  dominating  node  is  selected, 
it  spans  (i.e.,  dominates)  a  larger  set  of  nodes.  In  DKR,  nodes  with  smaller  IDs  get  elected 
by  more  nodes  farther  away  as  the  radius  of  the  election  increases.  DKR  produces  similar 
results  for  (1, 2)-DS  and  (2,  3)-DS,  because  the  election  of  one  cluster-head  in  the  two-hop 
neighborhood  of  any  node  increases  the  chances  that,  at  the  end,  more  elected  nodes  exist  in 
the  three-hop  neighborhood  of  any  node.  Results  for  KR  computing  (3, 3)-DS  are  similar  to 
those  for  DKR  computing  (2, 3)-DS.  Similarly,  results  for  KR  computing  (3, 4)-DS  are  close 
to  those  for  DKR  computing  (2,4)-DS  (Figure  5.13.  In  both  cases,  it  shows  that  while  the 
election  of  nodes  is  a  simple  and  economic  (in  terms  of  overhead)  solution,  it  is  shown  to 
be  not  as  efficient  as  the  centralized  solution,  because  the  election  does  not  take  into  account 
the  coverage  of  nodes  when  selecting  dominating  nodes.  In  case  any  coverage  information 
should  ever  be  a  requirement  for  the  election,  this  extra  information  would  certainly  increase 
signaling  overhead. 

Figure  5.14  presents  the  results  in  terms  of  total  number  of  cluster-heads  for  Con¬ 
figuration  2  using  KR  and  DKR,  when  computing  {k,  2)-DS  and  (/c,  3)-DS  of  the  networks. 
Both  approaches  produce  in  average  half  the  number  of  cluster-heads  compared  to  the  results 
for  Configuration  1.  This  is  expected,  because  in  Configuration  2  the  networks  have  smaller 
diameter,  and  nodes  have  almost  twice  as  many  neighbors.  However,  the  network  diameter 
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Configuration  1 


Number  of  nodes 


Figure  5.12:  Conf.  1,  computing  (fc,  2)-DS  and  (fc,  3)-DS:  #  of  cluster-heads. 


Number  of  nodes 


Figure  5.13:  Conf.  1,  computing  (fc,  4)-DS:  #  of  cluster-heads. 


Configuration  2 


Figure  5.14;  Conf.  2,  computing  (fc,  2)-DS  and  (fc,  3)-DS:  #  of  cluster-heads. 


does  not  grow  as  fast  as  in  the  networks  from  Configuration  1.  The  diameter  inereases  in  aver¬ 
age  less  than  one  unit,  as  the  network  size  is  ineremented  by  50  nodes  (with  the  exeeption  of 
the  initial  jump  from  approximately  6.2  to  7.9  (see  Table  5.2)).  Beeause  the  network  diameter 
grows  slower,  so  does  the  eardinality  of  the  DS  eomputed. 

Figure  5.15  presents  the  results  when  eomputing  (A:,  4)-DS  for  the  networks  in  Con¬ 
figuration  2.  For  networks  with  200  to  350  nodes,  the  distributed  algorithm  performs  well 
eompared  to  the  eentralized.  Beeause  the  distanee  parameter  is  larger  eompared  to  those  from 
the  previous  scenarios,  and  the  network  diameter  does  not  grow  too  much  for  larger  networks, 
it  seems  that,  for  relatively  small  diameter  networks,  as  the  radius  of  the  election  process  in¬ 
creases,  much  more  nodes  select  the  same  set  of  dominating  nodes,  hence  reducing  the  total 
number  of  cluster-heads.  In  addition  to  that,  self-elected  nodes  are  more  likely  to  be  ruled  out 
as  cluster-heads. 
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Configuration  2 


Figure  5.15:  Conf.  2,  computing  (fc,  4)-DS:  #  of  cluster-heads. 


There  is  a  elear  trade-off  between  effieieney,  and  eommunieation  eost.  For 
MANETs,  it  pays-off  to  inerease  the  average  number  of  eluster-heads  per  eluster,  eonsidering 
that  keeping  an  aeeurate  view  of  the  entire  network  topology  is  not  possible,  and  redundaney 
is  desirable. 

Figures  5.16  and  5.17  presents  the  results  for  the  cluster-head  sparseness  metrie, 
when  eomputing  (/c,  4)-DS  for  the  networks  in  Configuration  1  and  2.  Lower  values  for  this 
metrie  indieate  a  better  distribution  of  eluster-heads  over  the  network.  Previously,  for  the  same 
seenarios,  it  was  shown  that  the  networks  in  Configuration  1  produee  more  eluster-heads  than 
the  networks  in  Configuration  2.  As  expeeted,  the  cluster-head  sparseness  improves  when 
fewer  nodes  are  seleeted  as  eluster-heads.  In  addition  to  that,  we  must  eompare  these  results 
to  the  eorresponding  multiple  domination  parameter.  That  is,  as  the  cluster-head  sparseness 
metrie  approaehes  the  multiple  domination  parameter,  better  the  distribution  of  eluster-heads. 
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Sparseness:  Configuration  1 
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Figure  5.16:  Conf.l,  computing  (fc,4)-DS:  cluster-head  sparseness. 


Ideally,  each  node  should  have  exactly  k  cluster-heads  within  distance  r,  but  this  is  not  a 
requirement  for  solving  the  {k,  r)-DS  problem,  which  requires  at  least  k  cluster-heads. 

Because  more  nodes  exist  in  the  r-hop  neighborhoods  of  the  networks  in  Config¬ 
uration  2,  the  fewer  cluster-heads  selected  are  expected  to  affect  a  larger  subset  of  nodes 
compared  to  Configuration  1.  Since  KR  is  sub-optimal,  it  outperforms  DKR  in  any  situation 
under  consideration,  presenting  results  for  the  cluster-head  sparseness  metric  closer  to  the 
corresponding  multiple  domination  parameter.  However,  in  Configuration  2  (with  denser  net¬ 
works,  and  fewer  cluster-heads)  the  two  algorithms  present  similar  results  when  the  multiple 
domination  parameter  assume  values  1  and  2.  For  larger  values  of  this  parameter,  the  differ¬ 
ence  increases,  because  in  Configuration  2  the  networks  have  smaller  diameter  (as  shown  in 
Table  5.2). 
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Sparseness:  Configuration  2 


Figure  5.17;  Conf.2,  computing  (fc,4)-DS:  cluster-head  sparseness. 


5.4  Conclusions 


Clustering  is  the  problem  of  building  a  hierarehy  among  nodes,  and  usually  entails 
the  eomputation  of  a  dominating  set  (DS)  of  the  network.  The  (/c,  r)-dominating  set  problem, 
(/c,  r)-DS,  is  defined  as  the  problem  of  seleeting  a  minimum  cardinality  vertex  set  D  {domi¬ 
nating  nodes,  also  referred  as  cluster-heads)  of  a  graph  G  =  (V,  E),  such  that  every  vertex 
u  not  in  D  is  at  a  distance  smaller  than  or  equal  to  r  {distance  domination  parameter)  from 
at  least  k  {multiple  domination  parameter)  vertices  in  D.  When  applying  {k,  r)-DS  for  clus¬ 
tering,  one  can  define  fhe  degree  of  redundancy  (i.e.,  minimum  number  of  cluster-heads  per 
clusfer)  for  clusfers  of  variable  radius  (maximum  disfance  from  regular  cluster  members  fo 
fheir  cluster-heads). 

We  have  presented  fhe  firsl  cenfralized  and  disfribufed  solufions  fo  fhe  {k,r)-DS 
problem  for  arbifrary  nefwork  fopologies.  The  cenfralized  solufion,  KR,  is  appropriafe  for 
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wired  networks,  provides  an  approximation  to  the  optimal  solution,  and  is  used  as  a  lower 


bound  when  evaluating  the  performance  of  the  distributed  solution.  The  distributed  solution, 
DKR,  computes  clusters  with  variable  degree  of  redundancy,  and  variable  radius.  DKR  selects 
cluster-heads  through  an  election  process.  After  the  election,  an  approach  is  used  for  pruning 
redundant  cluster-heads,  and  for  connecting  regular  nodes  to  their  cluster-heads. 

We  have  conducted  extensive  simulations  comparing  KR  against  DKR.  As  expected, 
KR  produces  fewer  cluster-heads  than  DKR.  However,  KR  incurs  too  much  signaling  over¬ 
head,  making  it  not  appropriate  for  MANETs.  There  is  a  clear  trade-off  between  efficiency 
(i.e.,  which  approach  reduces  most  the  number  of  cluster-heads),  and  communication  cost. 
While  DKR  usually  produces  more  cluster-heads  per  cluster,  it  does  not  incur  much  control 
overhead. 
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Chapter  6 


Multi-Core  Multicast  Protocol  Using 
(k,r)-DS 


Core  placement  has  a  direct  impact  on  the  performance  of  multi-core  multicast  routing  pro¬ 
tocols.  The  selection  of  cores  could  be  further  extended  to  include  a  minimum  number  of 
cores  within  a  maximum  distance.  In  this  context,  the  problem  of  finding  the  location  of  the 
cores  is  similar  to  computing  a  (/c,  r)-DS  of  the  network.  When  selecting  cores,  redundancy 
is  achieved  by  choosing  a  value  for  the  parameter  k  greater  than  one.  At  the  same  time,  the 
distance  parameter  r  allows  increasing  local  availability  by  reducing  the  distance  to  the  cores. 

We  present  a  novel  multi-core  multicast  protocol  named  core  hierarchical  election 
for  multicasting  in  ad  hoc  networks  (CHEMA),  which  uses  DKR  for  the  election  of  cores,  and 
is  designed  to  work  in  the  context  of  multiple-channel  and  multiple-interface. 

In  CHEMA,  each  node  is  equipped  with  two  interfaces.  One  for  general  commu¬ 
nication,  and  the  other  for  communication  among  cores  and  their  members.  Cores  transmit 
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packets  to  their  members  on  a  specific  non-interfering  channel  via  the  dedicated  interface,  and 


receivers  listen  in  the  corresponding  channel  in  the  same  interface.  To  reach  all  members  with 
a  single  transmission,  cores  transmit  packets  with  a  larger  power,  such  that  all  member  within 
r-hops  from  the  cores  can  successfully  receive  the  packet.  Therefore,  all  packets  transmitted 
by  the  cores  are  expected  to  be  successfully  received  by  the  members. 

6.1  Core  Hierarchical  Election  for  Multicasting  in  Ad  Hoc  Net¬ 
works  (CHEMA) 

In  this  section  we  propose  core  hierarchical  election  for  multicasting  in  ad  hoc 
networks  (CHEMA),  a  new  approach  for  enhancing  multicasting  in  MANETs.  CHEMA’s 
main  features  can  be  summarized  as  follows: 

•  Deploy  multiple  cores,  with  DKR  as  the  core  selection  mechanism.  This  allows  flex¬ 
ibility  in  terms  of  redundancy,  and  a  bounded  distance  to  the  selected  cores.  Core 
announcements  are  used  to  disseminate  core  information  throughout  the  network.  To 
reduce  overhead,  a  single  announcement  aggregates  information  about  all  known  cores. 

•  Use  the  senders-to-all  approach.  To  reduce  overhead,  the  packet  header  lists  which 
neighbors  should  relay  the  multicast  packet  on  a  core  basis.  Instead  of  sending  one 
packet  toward  each  core,  nodes  relay  the  packet  whenever  they  are  listed  at  least  once 
as  a  next-hop  to  any  core.  Before  relaying  the  packet,  the  header  is  updated  with  entries 
for  those  cores  for  which  the  node  is  requested  to  forward  the  packet. 

•  Multi-channel  and  multi-interface:  Each  node  has  at  least  two  interfaces.  One  is  dedi- 
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cated  to  receiving  multicast  transmissions  from  cores,  and  the  other  is  used  for  any  other 


transmission.  Each  core  transmits  in  a  channel  different  than  any  possible  interfering 
core.  That  is,  through  core  announcements  nodes  learn  about  all  cores  in  the  network, 
and  the  distance  to  each  one.  Using  this  information,  cores  select  channels  so  that  they 
do  not  interfere  with  other  cores. 

•  Single  shot  approach:  Once  a  multicast  packet  reaches  the  core,  the  packet  is  trans¬ 
mitted  just  once  via  the  dedicated  interface.  In  order  to  reach  all  receivers,  the  packet 
is  transmitted  with  an  increased  power  so  that  all  nodes  within  r  hops  from  the  core 
can  receive  it.  Because  cores  use  different  channels,  and  an  interface  is  dedicated  for 
receiving  packets  from  the  core,  receivers  should  receive  all  transmissions  sent  by  the 
core. 

Multiple  cores  are  selected  via  DKR.  While  cores  have  not  yet  been  elected,  mul¬ 
ticast  data  packets  are  transmitted  via  blind  flooding.  After  cores  are  elected,  receivers  join 
the  nearest  core  by  sending  a  join  message  to  the  core.  Nodes  aggregate  all  the  fresh  core  an¬ 
nouncements  they  receive,  and  broadcast  them  periodically  every  core  announcement  interval 
(which  by  default  is  set  to  be  3  s).  Core  announcements  also  include  the  number  of  members 
each  core  has.  To  let  cores  know  about  any  associated  members,  an  explicit  multicast  join 
message  is  sent  from  the  receiver  to  the  desired  core  whenever  a  node  wants  to  join  a  mul¬ 
ticast  group.  Note  that  this  is  not  the  same  as  the  association  provided  by  the  join  messages 
sent  during  the  execution  of  DKR,  which  provides  for  connectivity  from  any  node  to  at  least 
k  cores  within  distance  r. 
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Senders  send  multieast  paekets  to  all  eores  with  members.  Instead  of  sending  one 


paeket  per  eore,  the  sender  broadeasts  just  one  paeket  with  all  the  information  regarding  the 
eores  that  need  to  be  reaehed.  That  is,  the  paeket  header  ineludes  an  entry  for  every  eore  and 
the  eorresponding  next  hop  toward  the  eore  (reeall  that  in  DKR  nodes  keep  information  about 
whieh  neighbors  are  used  to  reaeh  eaeh  eore).  A  node  reeeiving  the  paeket  for  whieh  it  is 
listed  as  a  next  hop  to  any  eore  forwards  the  paeket.  Before  relaying  the  paeket,  entries  for 
whieh  the  node  is  listed  as  a  next-hop  are  updated  with  the  eurrent  information,  and  any  other 
entries  are  exeluded. 

Beeause  multieast  paekets  are  broadeast  unreliably,  a  node  may  retransmit  a  paeket 
up  to  N  times,  unless  it  reeeives  an  implieit  aeknowledgment.  That  is,  for  every  multieast 
paeket  transmitted  the  node  relaying  the  paeket  keeps  reeord  of  the  paeket  and  whieh  neigh¬ 
bors  should  relay  the  paeket.  After  a  period  of  time  equivalent  to  an  acknowledgment  timeout, 
the  node  eheeks  if  it  has  overheard  any  of  the  relayers  transmissions.  If  the  node  fails  to  hear 
any  of  the  relayer’s  transmission,  the  node  retransmit  the  paeket  ineluding  only  those  nodes 
from  whieh  it  has  not  yet  heard  from.  Ideally,  the  length  of  an  acknowledgment  timeout  should 
be  set  dynamieally,  beeause  it  depends  on  the  level  of  eontention,  whieh  is  higher  with  a  larger 
number  of  transmitting  nodes. 

Nodes  are  equipped  with  two  radio  interfaees.  One  is  used  for  eommunieation  be¬ 
tween  eores  and  reeeivers,  and  the  other  is  for  general  eommunieation.  More  speeifieally, 
eores  use  a  dedieated  interfaee  for  transmitting  multieast  paekets  to  their  members,  and  the 
reeeivers  use  the  same  interfaee  to  reeeive  paekets  from  their  eores.  To  allow  for  multiple 
eores  to  transmit  simultaneously  without  interferenee,  we  assume  that  eaeh  eore  transmits  on 
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a  different  ehannel  than  any  possibly  interfering  eore.  Therefore,  the  dedieated  interfaee  is  set 


for  transmitting  and  listening  using  a  speeifie  ehannel. 

The  problem  of  assigning  non-interfering  ehannels  to  eores  is  similar  to  the  graph 
coloring  problem  in  graph  theory.  Considering  a  eore  with  transmission  range  of  r,  any  eore 
within  distanee  2r  may  interfere  (i.e.,  even  though  the  two  eores  may  be  out  of  range  of  eaeh 
other,  they  may  have  members  within  range  of  both  eores).  In  the  eontext  of  MANETs,  any 
distributed  approximation  to  the  graph  eoloring  problem  eould  be  applied  for  assigning  ehan¬ 
nels  to  the  eores.  Instead,  we  ehoose  to  limit  the  total  number  of  eores  in  the  network  to  the 
maximum  number  of  orthogonal  ehannels  available  for  the  dedieated  interfaee.  Beeause  nodes 
learn  about  all  eores  in  the  network  (through  the  periodieal  eore  announeements),  ehannels  are 
assigned  lexieographieally. 

To  reduee  delay,  and  to  avoid  retransmissions  from  nodes  between  the  eore  and 
members  loeated  more  than  one  hop  away  from  the  eore,  eores  transmit  multieast  data  paekets 
with  a  larger  power.  The  transmit  power  should  be  set  so  that  the  paeket  ean  be  sueeessfully 
reeeived  by  any  node  up  to  r  hops  from  the  eore.  Even  though  this  approaeh  inereases  energy 
eonsumption,  it  is  expeeted  to  reduee  the  end-to-end  delay  and  eontrol  overhead,  beeause  a 
single  transmission  from  the  eore  is  supposed  to  reaeh  all  eore  members  at  the  same  time. 

6.1.1  Performance 

We  eompare  CHEMA  against  the  protocol  for  unified  multicasting  through  an¬ 
nouncements  (PUMA)  [63].  PUMA  has  been  shown  to  outperform  two  of  the  state  of  the 
art  multieast  routing  protoeols  for  MANETs  (i.e.,  ODMRP  [33]  and  MAODV  [47]).  PUMA 
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Table  6.1:  Simulation  Parameters 


Simulator 

Qualnet™3.5 

Simulation  time 

350s 

Terrain  Size 

1000  X  1000  m 

Number  of  nodes 

50 

Node  plaeement 

Random 

Mobility 

Static 

Radio  Range 

250m 

MAC  protoeol 

802.11 

Channel  Capaeity 

2  Mbps 

Data  paeket  size 

512  Bytes 

presents  the  following  eharaeteristies:  reeeiver-oriented;  eore  based  (one  eore  per  group); 
mesh-based,  providing  multiple  routes  from  senders  to  reeeivers. 

Only  the  eore  performs  eontrol  paeket  flooding  in  PUMA.  In  CHEMA  it  is  the  same, 
but  information  about  multiple  eores  are  aggregated  to  reduee  eontrol  overhead  (PUMA  also 
applies  aggregation  when  flooding  information  about  multiple  groups). 

We  eompared  CHEMA  against  PUMA  using  the  QualneE^  [l]  network  simula¬ 
tor.  Eaeh  simulation  was  run  with  four  different  random-number  seeds.  Timer  values  (i.e., 
core  announcements  in  CHEMA,  and  multicast  announcements  in  PUMA)  were  set  to  three 
seeonds.  Table  6.1  presents  details  about  the  simulation  parameters. 

In  CHEMA,  eores  use  a  multiple  of  the  regular  radio  range  (i.e.,  for  distanee  domi¬ 
nation  r,  eores  have  a  radio  range  of  r  •  250m)  for  the  dedieated  interfaee.  DKR  is  exeeuted 
every  16s  for  eore  assignment.  Beeause  only  statie  topologies  are  eonsidered,  the  eores  remain 
the  same  throughout  the  simulation. 

Eour  performanee  metries  are  evaluated: 


•  Paeket  delivery  ratio:  The  ratio  of  the  data  paekets  delivered  to  the  reeeivers  to  those 
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data  packets  expected  to  be  delivered  (i.e.,  data  packets  sent  times  the  number  of  re¬ 


ceivers). 

•  Average  end-to-end  delay  for  data  packets,  including  all  possible  delays  caused  by  queu¬ 
ing  at  the  interface,  retransmission  delays,  and  propagation  and  transfer  times. 

•  Control  overhead:  The  number  of  control  packets  transmitted  per  data  packet  delivered. 

•  Total  overhead:  The  ratio  of  the  total  packets  transmitted  (i.e.,  control  -i-  data)  to  the 
data  packets  delivered. 

For  the  simulation  scenario,  traffic  load  is  varied  across  {1,2,  5, 10,  25, 50}  pack¬ 
ets/s.  There  are  5  senders,  and  20  receivers  for  one  multicast  group.  That  is,  the  number  of 
packets  expected  to  be  delivered  varies  from  20  packets/s  to  1000  packets/s.  Both  senders 
and  receivers  are  chosen  randomly  among  the  nodes  in  the  network,  and  traffic  load  is  equally 
disfribufed  among  all  senders. 

Even  fhough  DKR  allows  a  myriad  of  scenarios  for  core  selecfion,  we  consider  jusf 
a  few  configuralions  for  fhe  purpose  of  simulafion.  For  a  50-nodes  nefwork,  af  mosf  eighf 
cores  are  allowed  (and  fhere  are  8  orfhogonal  channels  for  fhe  dedicafed  inlerface).  Values 
3  and  4  are  fesfed  for  fhe  distance  domination,  and  af  leasf  one  core  is  selecfed  wifhin  fhe 
specified  disfance.  These  fwo  configurafions  are  presenfed  in  fhe  graphs  as  CHEMA  (1,3)- 
DS,  and  CHEMA  (1, 4)-DS,  respectively.  For  fhe  nefworks  considered,  fhree  cores  are  elected 
in  average  in  fhe  firsl  configuralion,  and  four  cores  in  fhe  second  configuralion. 

Figure  6.1  presenfs  fhe  resulfs  for  packef  delivery  ratio.  CHEMA  delivers  almost 
100%  of  the  data  packets  for  all  trafic  loads  considered.  But  PUMA  cannot  deliver  more  than 
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Figure  6.1:  Packet  delivery  ratio 


70%  of  packets  for  traffic  load  of  50  packets/s,  due  to  increasing  contention  and  collision  of 
packets.  On  the  other  hand,  mainly  because  CHEMA  applies  the  one  shot  approach  and  the 
non-interfering  channels  for  cores,  once  packets  are  transmitted  by  the  core  the  packets  are 
successfully  received  by  the  receivers. 

For  flows  of  up  to  10  packets/s  both  protocols  present  similar  results  for  the  end- 
to-end  delay  (Figure  6.2).  While  CHEMA  has  a  small  increase  in  terms  of  end-to-end  delay 
for  flows  larger  than  10  packets/s,  PUMA  experiences  an  exponential  increase  in  average  end- 
to-end  delay.  These  results,  together  with  the  delivery  ratio,  indicate  that  CHEMA  not  only 
delivers  more  packets  but  does  so  incurring  smaller  end-to-end  delays.  This  shows  that  it  pays 
off  sending  packets  to  multiple  cores  and  using  a  single  transmission  per  packet  from  the  cores 


138 


10 


CHEMA:  (1,3)-DS  — B—  ■ 
CHEMA:  (1,4)-DS 

PUMA  -A---,- 


0.01  - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 

0  5  10  15  20  25  30  35  40  45  50 

Traffic  load  (packet/s) 

Figure  6.2:  End-to-end  delay 


to  their  members. 

Even  though  CHEMA  sends  more  eontrol  paekets  (mainly  due  to  the  eleetion  pro¬ 
cess)  compared  to  PUMA,  both  protocols  present  similar  control  overhead  because  CHEMA 
delivers  more  packets  (as  shown  in  Eigure  6.3).  However,  in  terms  of  total  overhead  CHEMA 
incurs  less  than  half  total  overhead  compared  to  PUMA  (Eigure  6.4).  CHEMA  requires  fewer 
transmissions  for  every  data  packet  delivered,  specially  because  once  the  packets  reach  the 
targeted  core  it  takes  just  one  transmission  per  data  packet  to  reach  all  core’s  receivers. 
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6.2  Conclusion 


We  proposed  a  novel  multieast  protocol  named  core  hierarchical  election  for  multi¬ 
casting  in  ad  hoc  networks  (CHEMA),  which  is  designed  to  work  in  the  context  of  multiple- 
channel  and  multiple-interface.  CHEMA  applies  DKR  for  core  election,  with  a  dedicated 
interface  using  non-interfering  channel  for  communication  between  cores  and  any  multicast 
member.  Because  cores  use  a  larger  radio  range  for  the  dedicated  interface,  it  requires  just  one 
transmission  per  data  packet  for  any  core  member  to  receive  the  packet. 

CHEMA  is  compared  against  the  protocol  for  unified  multicasting  through  an¬ 
nouncements  (PUMA),  which  is  one  of  the  best  performing  multicast  routing  protocols  for 
MANETs.  CHEMA  is  shown  to  outperform  PUMA  in  all  aspects.  CHEMA  delivers  more 
packets,  incurs  small  end-to-end  delays,  and  drastically  reduces  the  total  control  overhead. 


141 


Chapter  7 


Conclusion  and  Future  Work 

7.1  Conclusion 

In  this  thesis,  we  present  applieations  of  domination  in  graphs  in  the  eontext  of  mo¬ 
bile  ad  hoe  networks  (MANETs).  In  ad  hoe  networks,  nodes  must  eoordinate  among  them¬ 
selves  without  resorting  to  any  pre-existing  network  infrastrueture.  Coordination  of  nodes  re¬ 
lies  on  broadeasting  of  signaling  messages,  sometimes  resulting  in  some  form  of  organization 
of  nodes  (e.g.,  elustering  or  topology  management).  To  improve  broadeasting  and  hierarehieal 
organization  in  MANETs,  we  explore  eoneepts  from  domination  in  graphs,  beeause  of  their 
similarities  to  the  problems  we  want  to  address. 

We  present  a  novel  algorithm  for  eomputing  a  dynamie  souree -based  dominating  set 
of  the  network,  whieh  is  used  for  improving  broadeast  operations  in  MANETs.  The  solution  is 
shown  to  reduee  the  number  of  broadeast  transmissions  neeessary  to  flood  the  network.  When 
the  algorithm  is  applied  to  the  route  diseovery  proeess  of  an  on  demand  routing  protoeol,  it  is 
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shown  to  improve  the  performanee  of  the  protoeol  in  all  aspeets  eonsidered. 

Then  we  present  a  partieular  eonfiguration  of  connected  dominating  sets  for  enhane- 
ing  the  route  diseovery  proeess  in  on  demand  routing  protoeols.  When  a  broadeast  protoeol 
based  on  neighbor  information  is  used,  it  is  possible  to  maintain  fresh  routes  to  all  nodes 
within  two  hops,  beeause  every  node  has  the  two-hop  neighborhood  information.  In  this  ease, 
we  show  that  using  a  eonneeted  dominating  set  with  the  property  that  nodes  are  at  most  two- 
hops  from  a  dominating  node  (i.e.,  a  two-hop  connected  dominating  set  (TCDS))  is  enough  for 
the  route  diseovery  proeess.  The  proposed  algorithm  is  shown  to  outperform  the  best  existing 
heuristies  presented  in  the  literature.  When  integrated  into  the  route  diseovery  proeess  of  an 
on  demand  routing  protoeol,  in  addition  to  some  enhaneements,  the  new  protoeol  is  shown  to 
outperform  other  protoeols  in  all  aspeets  eonsidered. 

Motivated  by  those  two  sueeessful  applieations  of  dominating  sets  for  enhaneing 
broadeast  operations,  we  present  a  framework  based  on  dominating  sets  for  building  flexible 
hierarehies  with  the  support  for  fault-tolerant  applieations.  The  framework  allows  building 
struetures  that  eover  a  node  in  the  network  with  a  minimum  number  of  dominating  nodes  and 
a  maximum  distanee  to  the  dominating  nodes.  Using  this  framework,  it  is  possible  to  build 
a  hierarehieal  strueture  sueh  that  every  node  in  the  network  is  eovered  by  at  least  k  leaders 
at  most  d  hops  distant.  A  strueture  like  this  eould  be  used  to  support  operations  that  require 
inereased  redundaney,  and  an  adjustable  degree  of  availability.  We  present  a  eentralized  and 
a  distributed  solution  to  this  problem.  The  eentralized  solution  provides  an  approximation 
to  the  optimum  solution,  whieh  is  known  to  be  NP-Complete,  and  serves  as  a  lower  bound 
when  evaluating  the  distributed  solution.  The  distributed  solution  is  applieable  to  MANETs, 
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because  it  relies  on  partial  topology  information. 


To  show  an  application  for  the  proposed  framework,  we  present  a  novel  multi-core 
multicast  protocol  for  MANETs  using  the  framework  in  the  core-election  process.  The  domi¬ 
nating  set  computed  via  the  distributed  algorithm  is  used  for  assigning  cores.  The  distributed 
algorithm  is  shown  to  perform  well  for  electing  cores,  and  the  new  multicast  protocol  is  shown 
to  outperform  one  of  the  best  known  multicast  protocols  presented  in  the  literature. 

7.2  Future  Work 

As  shown  previously,  many  approaches  for  improving  broadcasting  in  MANETs 
require  information  about  the  local  neighborhood  (e.g.,  the  two-hop  neighborhood).  It  will 
be  interesting  to  evaluate  such  approaches  over  a  MAC  protocol  that  exchanges  the  neighbor 
and  forwarder  information  that  we  assume  is  exchanged  as  part  of  the  routing  protocol  itself. 
This  is  expected  to  help  maintaining  an  accurate  view  of  the  neighborhood,  and  improve 
broadcasting. 

EDP  is  the  first  heuristic  to  incorporate  the  second-to-previous  forwarder  list  in 
the  pruning  process.  It  will  be  interesting  to  analyze  the  impact  of  extending  the  history  of 
previous  forwarder  list  when  pruning  nodes;  that  is,  take  into  account  the  third-to-previous 
forwarder  list,  the  fourth-to-previous  forwarder  list,  and  so  on. 

THP  was  designed  to  improve  the  route  discovery  process  of  on-demand  routing 
protocols  by  computing  a  TCDS  of  the  network.  Instead  of  just  taking  into  account  the  cov¬ 
erage  of  nodes  during  the  pruning  process,  it  will  be  interesting  to  investigate  how  to  explore 
alternate  paths  between  any  pair  of  nodes  while  computing  a  TCDS  of  the  network. 
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All  broadcasting  mechanisms  based  on  pruning  could  use  different  constraints  (e.g., 


energy  consumption,  interference,  and  load  balancing)  when  deciding  the  set  of  forwarding 
nodes.  It  will  be  interesting  to  investigate  how  different  constraints  relate  to  each  other,  and 
how  they  compare  in  terms  of  efficiency  and  reliability  for  the  broadcasting  of  signaling  and 
data  packets.  For  example,  “is  it  possible  to  design  energy-efficient  and  reliable  broadcasting 
mechanisms?”. 

DKR  does  not  employ  any  load  balancing  when  electing  dominating  nodes.  It  will 
be  interesting  to  investigate  solutions  to  incorporate  load  balancing  when  building  a  {k,  r)-DS 
of  the  network.  Investigate  how  often  nodes  should  trade  positions  as  dominating  nodes,  and 
how  to  better  distribute  the  client  load  among  the  elected  nodes. 

It  will  be  interesting  to  change  DKR  to  operate  in  a  totally  asynchronous  mode. 
That  is,  operate  without  any  concept  of  round.  Because  new  nodes  can  join  the  network  at  any 
time,  and  current  nodes  may  leave,  it  would  be  better  to  have  an  election  scheme  that  tolerates 
transient  modifications  to  the  topology,  but  also  guarantees  the  selection  of  a  not  so  large  set 
of  dominating  nodes. 
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